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Sono convinto che mai come oggi, pur vivendo in contesti sempre più 

dilatati, nei quali i contatti sono velocissimi, per resistere non dobbiamo 

mai abbandonare le nostre radici. Per diventare internazionali, 

dobbiamo appartenere a un Paese. Quel Paese, per me, è 

il Mediterraneo, che è sterminato patrimonio di culture e di visioni. 

Mimmo Palladino 

 

 

 

 

 

 

 

The organizing committee wishes to dedicate Medyna2020 conference  

and this book of proceedings to Dr. Paolo Russo. 

Paolo was our PhD student, spending good part of his working days 

 in the lab located closeby, within this very conference venue. 

In February Paolo was unable to join us at the conference as 

 he was fighting against a vital disease.  

In April, Paolo passed to better life. 

  

https://it.wikiquote.org/wiki/Mar_Mediterraneo
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Conference Objectives 
 

This Euro-Mediterranean conference brought together researchers from the worldwide scientific 

community, to discuss about the major advances in the field of Vibrations, Acoustics and Vibroacoustics. It 

addressed both theoretical (analytical and numerical) and experimental methods in these topics by gathering 

applied mathematicians, mechanicians and acousticians. This edition was organised with the support of 

AIDAA, Italian Association of Aeronautics and Astronautics (www.aidaa.it) and it was inserted in the series 

of events to celebrate its centenary (1920-2020). 

 
The 3rd edition of MEDYNA brought together 136 attendants in Naples from 15 countries and 4 continents. 

 

 
 

Conference topics 
 

Stochastic Dynamics and Uncertain systems 

Periodic structures and metamaterial  

Vibro-acoustics 

Machine Learning in Vibroacoustics  

Mid-high frequency range 

Impact  

Damage detection and Structural Health 

monitoring 

Active vibration control 

 

 

Structural acoustic and noise control 

Experimental techniques 

Smart materials & structures for vibroacoustics 

Computational techniques & reduced order 

modeling 

Similitudes in Vibroacoustics 

H2020 projects 

CASTLE Project  

VIPER Project  

 

http://www.aidaa.it/
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Welcome address
Prof. Sergio De Rosa & Prof. 

Rita Mastrullo

Opening Lecture Prof. Francesco Marulo

Technical sessions 1 CASTLE GEAR NOISE VIBROACOUSTICS & FSI I  

Coffee Break

Technical sessions 2 IMPACT DYNAMICS AEROELASTICITY & GVT NUMERICAL METHODS I

Lunch

Keynotes
Prof. Ines Artega Lopez & Dr. 

Elena Ciappi

Technical sessions 3 ACOUSTICS I T-WING METAMATERIALS

Coffee Break

Technical sessions 4 ACOUSTICS II STRUCTURAL DYNAMICS I

Technical sessions 5 DEVISU MACHINE LEARNING & SHM VIBROACOUSTICS & FSI II NON-LINEAR DYNAMICS

Coffee Break

Special Session Talented Researchers

Lunch

Keynotes
Prof. Erasmo Carrera & Prof. 

Stefan Rinderknecht

Technical sessions 6 VIPER I WAVES NUMERICAL METHODS II

Social event: Tour in Napoli

Pizza dinner

Keynotes
Prof. Weidong Zhu & Dr. 

Alain Le Bot

Technical sessions 7 VIPER II MATERIALS & DAMPING STRUCTURAL DYNAMICS II  

Arrivederci (Lunch Cocktail)

15:00 - 16:40

18:00 - 20:00

09:00 - 10:00

10:00 - 12:00

13:00 - 14:00

14:00 - 15:00

 

Tuesday, February 18

17:00 - 18:00

20:30 - 23:00

12:00 - 13:00

Wednesday, February 19

 

15:00 - 16:40

16:40 - 17:00

 

09:00 - 11:00

11:30 - 13:00

11:00 - 11:30

11:20 - 12:40

12:40 - 14:00

14:00 - 15:00

Room I5Room I4

Monday, February 17

Registration (welcome and reception desk always open during the conference days)

Program Main Room / T3

08:00 - 09:00

08:45 - 09:15

Room T1 Room T2 

08:30 - 08:45

09:20 - 11:00

11:00 - 11:20



February 17th, 2020 
Monday 

Welcome  

08:30 – 08:45 S. De Rosa, R. Mastrullo 

Opening Lecture 

08:45 – 09:15 
LIFE (LIFE, SAFE, QUIET) FOR AERONAUTICS 
F. Marulo 

Keynotes 

14:15 – 14:45 
APPLICATIONS OF MICROPHONE ARRAYS AND MACHINE LEARNING TO FAULT DETECTION 
I. A. Lopez 

14:45 – 15:15 
OPEN CHALLENGES FOR STRUCTURAL DYNAMICS IN MARINE ENGINEERING 
E. Ciappi 

February 18th, 2020 
Tuesday 

Special Session: Talented Researchers 

11:30 – 12:00 
PADÉ APPROXIMANTS FOR MULTIVARIATE REDUCED ORDER MODELS 
R. Rumpler 

12:00 – 12:30 
GENERAL BLOCH MODELING OF PIECEWISE PERIODIC STRUCTURES 
C. Droz, E. Deckers, W. Desmet 

12:30 – 13:00 
TOWARDS NONLINEAR MULTIMODAL APPROACHES FOR VIBRATION ENERGY HARVESTING 
N. Kacem and N. Bouhaddi 

Keynotes 

14:00 – 14:30 
ASSESSMENT OF COMPUTATIONAL MODELS FOR THE DYNAMIC RESPONSE OF ROTATING COMPOSITE 
TURBINE BLADES 
E. Carrera*, M. Filippi, D. Giusa, A. Pagani, E. Zappino 

14:30 – 15:00 
SYSTEM DYNAMICS IMPROVEMENT WITH STATE-OF-THE-ART MECHATRONICS – POTENTIALS AND 
CHALLENGES 
S. Rinderknecht 

February 19th, 2020 
Wednesday 

Keynotes 
09:00 – 09:30 

VIBRATION-BASED DAMAGE DETECTION AND NONLINEAR DYNAMIC ANALYSIS 
W. Zhu 

09:30 – 10:00 
STATISTICAL ENERGY ANALYSIS, THEORETICAL FOUNDATIONS AND RANGE OF APPLICABILITY 
A. Le Bot 

 

 

 

 

 

 

 

 

 

 

 



Technical sessions 

February 17th, 2020 
Monday 

Technical sessions 1 

CASTLE 

09:20 – 09:40 301055 
ELIGIBILITY OF ELECTROSPUN NANOFIBERS FOR AERONAUTICAL THERMOACOUSTIC 
INSULATION BLANKETS 
B. Vitolo, M. Guida, T. Polito, F. Marulo, F. Branda 

09:40 – 10:00 300730 
OPTIMIZATION OF PASSIVE AND ACTIVE SOUNDPROOFING FOR AN ADVANCED TURBO-
PROP AIRCRAFT CABIN 
R. Lombardi, P. Vitiello, I. Dimino, G. Petrone, M. Barbarino 

10:00 – 10:20 305157 
INNOVATIVE SOUNDPROOFING MATERIALS THROUGH ELECTROSPINNING 
F. Branda 

10:20 – 10:40 301743 
ACOUSTIC CHARACTERISTICS OF INNOVATIVE MATERIALS THROUGH ELECTROSPINNING 
G. Iannace 

10:40 – 11:00 303627 
PASSIVE NOISE CONTROL ORIENTED DESIGN OF AIRCRAFT HEADRESTS 
V. Giannella, R. Citarella, M. Barbarino, P. Vitiello, D. Bianco, G. Petrone 

GEAR NOISE 

09:20 – 09:40 298653 
DYNAMIC POWER LOSS MODEL INCLUDING FRICTIONAL EFFECTS FOR SPUR GEARS 
M. Hammami, N. Feki, O. Ksentini, M. S. Abbes, M. Haddar 

09:40 – 10:00 299758 
VIBROACOUSTIC SIMULATION FE METHODOLOGIES: EXTERNAL GEAR PUMP CASE STUDY 
G. Miccoli, K. Hamiche 

10:00 – 10:20 298500 
SOME RESULTS OF VIBROACOUSTIC OPTIMIZATION OF A RAILWAY GEARBOX 
K. Landet, J. Perret-Liaudet, E. Rigaud, M. Fraces 

10:20 – 10:40 400003 

INFLUENCE OF TOOTH PROFILE MODIFICATIONS ON THE DYNAMIC BEHAVIOR OF A 
PLANETARY GEAR SET: EXPERIMENTAL INVESTIGATION AND NUMERICAL VALIDATION FOR 
DIFFERENT AMPLITUDES OF TOOTH PROFILE MODIFICATIONS 
J. Neufond, E. Rigaud, J. Perret-Liaudet, A. Carbonelli 

VIBROACOUSTICS & FSI I 

09:20 – 09:40 300094 
VIBRO-ACOUSTIC CHARACTERIZATION OF A MILITARY SHELTER SYSTEM 
M. Viscardi, M. Lomasto, R. Molitierno 

09:40 – 10:00 300180 
VIBRO-ACOUSTIC PERFORMANCE ANALYSIS OF A TURBOPROP INSULATION PACKAGE 
M. Viscardi, G. Bizzarro, V. M. Porpora, G. Di Paola 

10:00 – 10:20 300557 
TOWARDS A COUPLED FLUID-STRUCTURE MODEL FOR SLUG FLOW IN A FLEXIBLE RISER 
A. Elliott, G. Hunt, A. Cammarano, G. Falcone 

10:20 – 10:40 299972 
TOWARDS FULL-FIELD MODAL ANALYSIS: COMBINING OPTICAL TECHNIQUES WITH 
STRUCTURAL DYNAMICS TESTING 
E. Di Lorenzo, D. Mastrodicasa, L. Wittevrongel, P. Lava, B. Peeters 

10:40 – 11:00 297188 
COMPARISON OF THE PERFORMANCE OF VIBROACOUSTIC SIMILITUDE METHODS 
C. Adams, J. Bös, T. Melz 

Technical sessions 2 

IMPACT DYNAMICS 

11:20 – 11:40 301291 
DYNAMIC BUCKLING INVESTIGATION OF AIRCRAFT COMPOSITE STANCHIONS SUBJECTED 
TO CYCLIC LOADING CONDITIONS 
F. Di Caprio, A. Sellitto, S. Saputo, M. Guida, A. Riccio 

11:40 – 12:00 298860 
A SENSITIVITY ANALYSIS ON THE DAMAGE BEHAVIOR OF A LEADING EDGE SUBJECT TO BIRD 
STRIKE 
F. Di Caprio, A. Sellitto, S. Saputo, M. Guida, A. Riccio 

12:00 – 12:20 293644 

EFFECT OF COLD SPRAY DEPOSITION ON THERMOSETTING COMPOSITE SUBSTRATES UNDER 
DYNAMIC LOADS 
I. Papa, A. Viscusi, A. S. Perna, A. Astarita, V. Lopresto, L. Carrino, V. Antonucci, M. R. 
Ricciardi 

12:20 – 12:40 400001 
A SIMPLIFIED FINITE ELEMENT MODELLING OF A FULL-SCALE FUSELAGE SECTION FOR 
CRASHWORTHINESS DESIGN 
M. Manzo, A. De Luca, D. Perfetto, L. Di Palma, M. Waimer, P. Schatrow 



AEROELASTICITY & GVT  

11:20 – 11:40 293198 
AEROELASTICITY OF BISTABLE COMPOSITE PLATES 
F. Nicassio, G. Scarselli 

11:40 – 12:00 300156 
FLUTTER ANALYSIS OF A LARGE CIVIL AIRPLANE EQUIPPED WITH MORPHING WING FLAPS 
R. Pecora, M. C. Noviello 

12:00 – 12:20 300665 
ACTIVE OPTIMAL CONTROL FOR FLUTTER IN SUSPENSION BRIDGES 
E. Paifelman, G. Pepe, A. Carcaterra 

12:20 – 12:40 293110 
AIRCRAFT MODEL UPDATING ACCORDING RESULTS OF GROUND VIBRATION TEST 
J. Cecrdle 

NUMERICAL METHODS I 

11:20 – 11:40 300506 
INTELLIGENT SLIDING MODE REFERENCE CONDITIONING CONTROLLER 
M. Haddar, R. Chaari, S. C. Baslimisli, F. Chaari, M. Haddar 

11:40 – 12:00 292502 
ENERGY FLOW IN 2D ORTHOTROPIC MEDIA BY THE RADIATIVE ENERGY TRANSFER THEORY 
Q. Zhong, H. Chen, A. Le Bot 

12:00 – 12:20 298072 
PROGRESSIVE FAILURE ANALYSIS OF LAMINATED COMPOSITE BEAMS USING THE WAVE 
FINITE ELEMENT METHOD 
M. Mallouli, M. Ben Souf, O. Bareille, M. Ichchou, T. Fakhfakh, M. Haddar 

12:20 – 12:40 300726 
ENHANCEMENTS IN STRUCTURAL OPTIMIZATION OF AUTOMOTIVE UNDERBODY PANELS 
SUBJECTED TO WATER WADING LOAD 
A. Daving 

Technical sessions 3 

ACOUSTICS I 

15:00 – 15:20 298401 
INVESTIGATION ON AN ADAPTIVE HELMHOLTZ RESONATOR CONCEPT 
A. Benouhiba, M. Ouisse, K. Rebenorosoa, N. Andreff 

15:20 – 15:40 296866 
NON-LOCAL BOUNDARY CONTROL FOR BROADBAND NON-RECIPROCAL PROPAGATION: 
ANALYTICAL DEMONSTRATION AND EXPERIMENTAL VALIDATION 
E. De Bono, M. Collet, S. Karkar, G. Matten, M. Ouisse 

15:40 – 16:00 292729 
NUMERICAL SIMULATION OF SOUND TRANSMISSION THROUGH PORO-ELASTIC SHELL 
STRUCTURES 
M. Gfrerer, M. Schanz 

16:00 – 16:20 293444 
NUMERICAL ANALYSES OF THE SOUND TRANSMISSION THROUGH DOUBLE-GLAZING 
SYSTEM AT LOW FREQUENCIES 
C. Soussi, W. Larbi, M. Aucejo, JF. Deü 

16:20 – 16:40 297506 
SOUND TRANSMISSION ANALYTICAL SOLUTION OF COMPOSITE SHELL STRUCTURES 
EMBEDDING VISCOELASTIC LAYERS 
A. Alaimo, C. Orlando, S. Valvano 

T-WING 

15:00 – 15:20 400006 
NUMERICAL INVESTIGATION ON A TILTROTOR WING UNDER BIRD IMPACT CONDITION 
F. Di Caprio, F. Ciardiello 

15:20 – 15:40 400005 
COMPARISON OF NUMERICAL MODELS FOR THE PREDICTION OF BLADDER TANK 
CRASHWORTHINESS 
D. Cristillo, F. Di Caprio, C. Pezzella, C. Paciello 

15:40 – 16:00 400009 
TILTROTOR STRUCTURAL-ACOUSTIC DATA ACQUISITION AND ANALYSIS 
A. D. Marano, T. Polito, M. Guida, F. Marulo, M. Belardo, M. Barbarino, A. Perazzolo 

16:00 – 16:20 400007 

DESIGN STRATEGY OF THE WING OF THE NEXT GENERSTION CIVIL TITL ROTOR 
TECHNOLOGY DEMONSTRATOR. 
M. Belardo, j. Beretta, A.D. Marano, G. Diodati, N. Paletta, M. Graziano, M. Capasso, L. Di 
Palma 

METAMATERIALS 

15:00 – 15:20 300817 
ATTENUATION PERFORMANCE DUE TO CORRELATED DISORDER IN RAINBOW METAMATERIALS 

A. T. Fabro, H. Meng, D. Chronopoulos 

15:20 – 15:40 299110 
OPTIMAL DESIGN OF RAINBOW METAMATERIALS 
H. Meng, D. Chronopoulos, A. T. Fabro, W. Elmadih, R. Leach 

15:40 – 16:00 300228 
DYNAMIC PROPERTIES OF METAMATERIALS WITH DIFFERENT RESONATOR CONNECTION 
METHODS 
H. Meng, D. Chronopoulos 



16:00 – 16:20 297107 
DYNAMIC ANALYSIS OF METASTRUCTURE BEAM WITH LOW FREQUENCY MULTI-MODE 
RESONATORS 
Q. C. Wu, C. Droz, M. Ichchou, S. I. Xie 

16:20 – 16:40 300738 
PERIODIC AND RANDOM LONG-RANGE INTERACTIONS IN METAMATERIALS 
F. Mezzani, A. S. Rezaei, A. Carcaterra 

Technical sessions 4 

ACOUSTICS II 

17:00 – 17:20 300175 
MULTIMODAL CONTROL OF INTERIOR RANDOM SOUND PRESSURE USING OPTIMIZED 
TUNED MASS DAMPERS 
E. Mrabet, M. Ichchou, N. Bouhaddi 

17:20 – 17:40 300947 
FIRST MODELS FOR STRUCTURAL ENERGY TRANSMISSION DECOUPLING 
G. Mazzeo, M. Ichchou, G. Petrone, O. Bareille, F. Franco, S. De Rosa 

17:40 – 18:00 297363 
ANALYSIS OF SOUND RADIATION FROM COMPLEX TIMOSHENKO BEAM BASED ON SECOND 
STRAIN GRADIENT THEORY 
G. Zhu, M. Ichchou, AM. Zine 

STRUCTURAL DYNAMICS I 

17:00 – 17:20 300689 
UTILIZING A LUMPED PARAMETER MODEL FOR ANALYZING THE SOUND RADIATION OF A 
SPINNING PLATE 
M. Maeder, R. D’Auria, E. Grasso, G. Petrone, S. De Rosa, M. Klaerner, L. Kroll, S. Marburg 

17:20 – 17:40 
 
303234 

RELIABILITY AND OPTIMIZATION OF EMBEDDED MECHATRONIC SYSTEMS: WHAT 
APPLICATION FOR THE AUTOMOTIVE AND AERONAUTICS INDUSTRY 
A. El Hami 

17:40 – 18:00 300602 
TORSIONAL ENERGY FLOW THROUGH A TOUGH HYDROGEL VIBRATION ISOLATOR 
L. Kari 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



February 18th, 2020 
Tuesday 

Technical sessions 5 

DEVISU 

09:00 – 09:20 300447 
TUNING OF SHUNTED ELECTRO-MAGNETIC ABSORBERS BASED ON ELECTRICAL POWER 
DISSIPATED 
E. Turco, L. Dal Bo, P. Gardonio 

09:20 – 09:40 296200 
REFINED BEAM MODELS FOR THE COMPUTATION OF DISPERSION RELATIONS AND 
TRANSMISSION IN PERIODIC METAMATERIALS 
A. De Miguel, A. Pagani, M. Filippi, M. Cinefra, E. Carrera 

09:40 – 10:00 292266 
NONLINEAR FREE VIBRATIONS OF COMPOSITE STRUCTURES VIA THE X-RITZ METHOD 
A. Milazzo 

10:00 – 10:20 400000 
NONLINEAR VIBRATIONS OF VARIABLE-STIFFNESS PLATES USING DIFFERENT SEMI-
ANALYTICAL MODELS 
A. Y. Cheng, R. Vescovini, E. L. Jansen 

10:20 – 10:40 300439 
INVESTIGATION OF THE ARTIFICIAL NEURAL NETWORK PREDICTION CAPABILITIES APPLIED 
TO VIBRATING PLATES IN SIMILITUDE 
A. Casaburo, G. Petrone, V. Meruane, F. Franco, S. De Rosa 

10:40 – 11:00 304883 
IMPROVED WAVE DISPERSION PROPERTIES IN A PERIDYNAMIC BAR 
M. Zaccariotto 

MACHINE LEARNING AND SHM 

09:00 – 09:20 299247 
MACHINE HEALTH DIAGNOSTICS USING ACOUSTIC IMAGING AND ALGORITHMS FOR 
MACHINE LEARNING 
A. Aulitto, I. Lopez Arteaga, D. Kostić, F. Boughorbel, S. De Rosa, G. Petrone 

09:20 – 09:40 300577 
UNSUPERVISED LEARNING ALGORITHM AND A SENSOR SWARM FOR STRUCTURAL HEALTH 
MONITORING OF A BRIDGE 
N. Roveri, S. Milana, A. Culla, P. Conte, A. Carcaterra 

09:40 – 10:00 297507 
COMBINING IMPORTANCE SAMPLING WITH MACHINE LEARNING TO ACCELERATE 
STRUCTURAL RELIABILITY ANALYSIS 
W. You, A. Saidi, AM. Zine, M. Ichchou 

10:00 – 10:20 297333 
SIMULATION-BASED HEALTH MONITORING OF A COMPOSITE SANDWICH STRUCTURE 
USING CONVOLUTIONAL NEURAL NETWORK 
Z. Liu, M. Ardabilian, M. Ichchou, AM. Zine 

10:20 – 10:40 300772 
RELIABILITY ASSESSMENT OF DAMAGE DETECTION TECHNIQUES BASED ON GUIDED 
ULTRASONIC WAVES 
F. Ricci, V. Memmolo, L. Maio, N. D. Boffa, E. Monaco 

10:40 – 11:00 300973 
IMPROVED STRUCTURAL HEALTH MONITORING FEATURES ON 3D PRINTED STRUCTURES BY 
PIEZOELECTRIC IMPLANTS 
X. Cui, O. Bareille, M. Salvia 

VIBROACOUSTICS & FSI II 

09:00 – 09:20 302787 
VIBROACOUSTIC PERFORMANCES OF AN ACOUSTIC BOX THROUGH HYBRID FE-SEA 
METHOD 
G. Piccirillo Sibiano, G. Petrone, G. Bizzarro 

09:20 – 09:40 296932 
FULLY-COUPLED VIBRO-ACOUSTIC ANALYSIS OF MULTI-LAYERED PLATES BY CUF FINITE 
ELEMENTS 
M. Cinefra, E. Zappino, E. Carrera, S. De Rosa 

09:40 – 10:00 293432 
SOUND TRANSMISSION THROUGH BAFFLED SEMI-CYLINDRICAL SHELLS USINF TRANSFER 
MATRIX METHOD 
A. Parrinello, N. Atalla 

10:00 – 10:20 298135 
RESPONSE OF A SUBMERGED FLUID-FILLED CYLINDRICAL SHELL TO TRANSIENT ACOUSTIC 
PULSES AND WEAK SHOCK WAVES 
S. Iakovlev, H. A. F. A. Santos 

10:20 – 10:40 298772 
VIBRATION OF PRESTRESSED STRUCTURES COUPLED WITH AN INCOMPRESSIBLE FLUID 
C. Hoareau, JF. Deü, R. Ohayon 

 



NON-LINEAR DYNAMICS 

09:00 – 09:20 301098 
ON THE PERFORMANCE OF A FLOW ENERGY HARVESTER USING TIME DELAY 
Z. Ghouli, M. Belhaq, M. Hamdi 

09:20 – 09:40 300846 
NON-LINEAR FREE VIBRATIONS OF FUNCTIONALLY GRADED NON-UNIFORM BEAMS WITH 
DISCONTINUITIES 
M. Chajdi, A. Adri, K. El Bikri, R. Benamar 

09:40 – 10:00 304167 

GEOMETRICALLY LINEAR FREE VIBRATION OF RECTANGULAR PLATES SIMPLY SUPPORTED AT 
TWO OPPOSITE EDGES AND CONNECTED BY DISTRIBUTED TRANSLATIONAL AND 
ROTATIONAL SPRINGS AT THE TWO OTHER EDGES 
A. Babahammou, R. Banamar 

10:00 – 10:20 301649 
A NEW FRICTION MODEL TO DESCRIBE THE FREE DYNAMIC RESPONSE OF A SLIDING 
OSCILLATING SYSTEM UNDER LUBRICATION 
J. Perret-Liaudet, A. Hriouech, M. Belin, MI. De Barros-Bouchet 

10:20 – 10:40 300529 
INVESTIGATING THE APPROXIMATION OF HIGHER-ORDER NONLINEAR BEHAVIOUR INTO 
NON-INTRUSIVE REDUCED-ORDER MODELS 
A. Elliott, A. Cammarano 

10:40 – 11:00 302732 
THE DYNAMICS OF DELAYED BIRHYTHMICITY OSCILLATOR WITH MODULATED DELAY AMPLITUDE 

M. Hamdi, M. Belhaq, Z. Ghouli 

Technical sessions 6  

VIPER I 

15:00 – 15:20 293149 
K-SPACE ANALYSIS OF COMPOSITE SANDWICH SHELL WITH SMALL-SCALE RESONATORS 
G. Tufano, M. Ichchou, W. Desmet, N. Atalla 

15:20 – 15:40 299671 
UNCERTAINTIES IN WAVE CHARACTERISTIC OF TWO-DIMENSIONAL PERIODIC MEDIA USING 
THE FUZZY WAVE FINITE ELEMENT METHOD 
R. P. Singh, S. De Rosa, F. Franco, O. Bareille, M. Ichchou, G. Petrone 

15:40 – 16:00 298707 
WAVE AND FINITE ELEMENT ANALYSIS OF QUASI PERIODIC 2D PHONONIC SUPER-CELL 
CRYSTALS 
S. Timorian, S. De Rosa, F. Franco, M. Ouisse, N. Bouhaddi 

16:00 – 16:20 296962 
ON THE MULTI-MODAL BEHAVIOR AND INNER RESONANCE OF STIFFENED SHELLS 
M. Ichchou, G. Tufano, O. Bareille, B. Pluymers, A. Zine, W. Desmet 

16:20 – 16:40 300004 
INVESTIGATION OF THE SOUND TRANSMISSION LOSS WITH THE USE OF THE INNER-
RESONANCE AND THE VEERING EFFECT OF A MULTI-LAYER CORE TOPOLOGY SYSTEM 
N. Guenfoud, C. Droz, M. Ichchou, O. Bareille, E. Deckers, W. Desmet 

WAVES 

15:00 – 15:20 297025 
WAVE FINITE ELEMENT METHOD BASED ON SECOND STRAIN GRADIENT ELASTICITY THEORY 
FOR ONE-DIMENSIONAL NANO-SIZED PERIODIC STRUCTURES 
B. Yang, M. Ichchou, A. Zine 

15:20 – 15:40 300585 
WAVE PROPAGATION IN AN AIRCRAFT WING SLAT FOR DE-ICING PURPOSES 
D. Raffaele, T. P. Waters and E. Rustighi 

15:40 – 16:00 297352 
WAVE REFLECTION AND TRANSMISSION ANALYSIS THROUGH COMPLEX ROD BASED ON 
SECOND STRAIN GRADIENT THEORY 
G. Zhu, M. Ichchou, A. Zine 

16:00 – 16:20 297006 
ATYPICAL DISPERSION FEATURES IN CONTRASTED RESONANT CELLULAR PANELS: 
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ABSTRACT 
 

An opportunity is caught with this paper to collect and to summarize the research activities performed 
in more than three decades by a group of researchers, professors and students in the field of structural 
dynamics, both linear and nonlinear, aeroelasticity, vibroacoustics and community noise. For sake of 
synthesis many associated activities are just mentioned, or sometimes disregarded. Few aspects are 
considered important and highlighted throughout the paper, and they refer to the persuasion in always 
trying to create a link among theory, simulation and test, the suggestion to check procedures with 
known results and to progress through small increasing complexities. These basic approaches to solve 
new problems and to pass new difficulties are considered a good tip for keeping confidence with 
models, numerical results and experimental measurements, and for avoiding to lose contact with real 
evidence. 

1 INTRODUCTION 

The title of this paper might create a bit of confusion. LIFE is the acronym of the laboratory we have 
established at the new site of University of Napoli Federico II. It came in our mind with the wish for 
good health and well-being for anybody interacting with the laboratory and the persons doing research 
in it. 
The main focus of LIFE lab is on linear and nonlinear dynamics applied mainly to aeronautics, 
collecting the work of many persons for several years. The opportunity offered by the Federico II San 
Giovanni campus has been the main driver for LIFE lab, allowing the necessary room for hosting full 
scale examples of fuselages, both commercial and general aviation airplanes. 
The research on interior vibroacoustic behavior of fuselages has quite a long tradition in our research 
group. It can be dated back in the mid 80’s, as an evolution of the activities in the field of aeroelasticity, 
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enlarging the interests to the wider sector of the fluid-structure interaction, including, time by time, 
the nonlinear aspects of the crashworthiness, impact dynamics and bird-strike analysis of aircraft 
structures. 
Simple and basic pillars have always been the roots of the activities developed since the beginning of 
the experimental research converged now in LIFE lab. They can be summarized in a constant effort 
to correlate theory, simulation and measurement driven by realistic engineering problems, also called, 
in the group, the “3-curve” approach. 
This paper has the main focus to collect some of the experiences and lessons learnt by the research 
group in these years, sometime jointly with other academic institutions and companies. 
The LIFE research group has been involved, and still is, in several research projects and industrial 
programs in the field of fuselage comfort, aircraft exterior noise assessment, simulation and 
certification, aeroelasticity, crashworthiness and passive safety, full-scale fatigue and flight testing, 
and now opening to the image analysis and correlation. 
The backbone of these activities has been the field of aeroelasticity which was the starting point for 
the flutter clearance of general aviation airplanes [1]-[2], and the beginning of the applications for 
fluid-structure interaction problems, [3]-[4], based on both, deterministic and statistical approach. 
Struggling for modeling the real world and analyzing data coming from measurements has become, 
with the time, a confident approach for understanding the behavior of aircraft structures when exposed 
to different environments. 
Joking, but not so much, we have come up with the definition of “Tom Tom approach”. Repeated 
experience coming from both simulation and testing tells us that it is always very important and 
usually time saving, to add a verification step to make sure that the measurement (or the result, in case 
of numerical simulation) is correct. And this is what could be called “Navigator Principle”. Nowadays, 
when facing with a new GPS-based navigator system or App, it is well known, and suggested by the 
manuals, that to become fully confident on how the navigation information are delivered, the new 
system should be initially used during very well-known routes and conditions. This basic use allows 
the user to correctly understand and interpret the different information available and where they are 
located on the screen, much better and quicker than just reading a flat but perfect user’s manual. Such 
exercises will generate a subjective strong confidence between the user and the measurement system 
which is the basis for an unstressful driving when the route is unknown.  
Exactly the same approach is generally followed by our research group when starting with lab or field 
testing. First measure something, which is well known. The result of such measurement will confirm 
the reliability of the measurement chain, the ability of the user in performing the test and, eventually, 
the tolerance to be adopted.  
This procedure appears so straightforward that, very often, is neglected. During a test campaign started 
rapidly for several reasons, it may happen that doubts and uncertainties become too many, and a check 
appears as the only system to put things in order. If the check fails, all the previous measurements are 
useless and one understands why the “Navigator Principle” is time-saving. 
This paper will go through several activities performed at LIFE Lab which range from classical modal 
analysis where [5]-[7] are just few examples often related to both research projects and steps of 
industrial programs, as requested measurements for aeroelastic clearance. Another consolidated topic 
of the research group refers to non-linear dynamics and impact analysis, [8]-[17], with applications, 
as always in the backbone of the laboratory, to research activities and to real aeronautical programs 
(seat and bird-strike certification, for example). 
Regarding the vibroacoustic applications, which has been the first follow-up of long-time ago 
aeroelastic studies [18]-[19], numerous activities are summarized herein, from a dedicated research 
on soundproofing materials obtained using electrospinning technique, [20]-[21], acoustic properties 
of bare and furnished fuselages, dynamics vibration absorbers design and applications, measurements 
of in-flight acoustic loads and interior noise levels [22]. 
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Community noise [23]-[26] is another long tradition activity of LIFE Lab, passing through the 
certification of numerous general aviation and commercial airplanes and contribution to research 
projects for the simulation, prediction and mitigation of the noise emitted by aircraft, and recently 
drones. The paper ends with a small description of some on-going activities on structural dynamics, 
[27]-[28], and a first example of a full scale aircraft fatigue testing relative to the wing of the P2012 
airplane. Another example of the technological transfer attitude of our research group. 

2 GROUND VIBRATION AND FLIGHT FLUTTER TESTING OF AIRPLANES 

The motivation for performing a ground vibration test on a structure, and specifically on an airplane, 
comes from the need of determining the modal parameters (frequencies, damping factors, modal 
vectors and modal scaling) to be used as part of the input for the aeroelastic calculations which needs 
to be performed in order to make sure that the airplane flight envelope is free from any aeroelastic 
instability. 
The process of determining the modal parameters may follow several approaches which may affect 
both the excitation system and the modal identification algorithms. Usually the test setup, the data 
acquisition and analysis are performed using standard approved procedure employing both 
commercial and in-house developed software. Regarding airplanes, we split the ground vibration tests 
in two parts: 

1. Measurements of the elastic mode-shapes fixing the aerodynamic control surfaces; 
2. Measurements of the control surfaces mode-shapes ensuring the structure fixed to the ground. 

The tests pertaining to the first part are performed by measuring the frequency response functions 
between each single point of the structure, with reference to a fixed position of the excitation point. 
Then the position of the excitation point is changed and the frequency response functions are measured 
again at the same positions. This approach should lower the possibility of missing mode-shapes. 
For an airplane as in fig. 1a, more than 200 frequency response functions, fig. 1b and c, are measured 
in an about two-day session, post processed for obtaining a good correlation with a numerical model, 
fig. 1d. 

 

 
 

(a) (b) 
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(c) (d) 

Fig. 1 – GVT on a Small Commuter Airplane (a); measuring points (b); electrodynamic 
shaker excitation (c) and example of mode-shape (d) 

 
Frequency and damping analysis, including operational modal analysis, has been employed for several 
applications and particularly for flight flutter testing, which are required for confirming the safe 
aeroelastic behavior of aircraft. The main objective of these flight tests is firstly to make sure that no 
unwanted vibration result from the pilot excitation and that no significant variation of the damping 
characteristics of the airplane arise versus the flight speed. When dealing with small airplanes, an 
accepted test procedure is fully accomplished based on the pilot abrupt input to the main control 
surfaces. It is well known that this input usually is not able to excite the high order natural frequencies 
and mode-shapes of the airplane, but it gives the necessary feedback for clearing any unwanted onset 
of vibration amplitude and damping decrease with the airplane speed. 
Usually the airplane is equipped with sensors, typically accelerometers, on the tips of the main 
aerodynamic control surfaces, as shown in fig. 2, measuring the vibration of the aerodynamic surfaces 
after the pilot input, which is measured by potentiometer installed along the command line. These 
channels are simultaneously acquired during the flight, at several speeds, with the airplane in trim 
condition. Post-flight data processing is requested for assessing the aeroelastic stability of the airplane. 
Fig. 3 and 4 give an example of the time and frequency analysis results, respectively, where 
accelerations are in [g] unit. 
 

 
Fig. 2 – Positions of the accelerometers on the aerodynamic surfaces 
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Fig. 3 – Time response after an elevator input of the pilot (top left diagram) 

 

 
Fig. 4 – Frequency response as result of an elevator input of the pilot (top left diagram) 

3 VIBROACOUSTIC AND INTERIOR NOISE 

The improvement of the passenger comfort level has become, with the years, a strong requirement in 
many design problems. Noise and vibration inside an aircraft cabin may cause increasing risks in 
health and performance of flight and cabin crews besides the discomfort to the passengers. Many 
aircraft industries are therefore striving hard in achieving a higher comfortable level. Aircraft noise 
contains the following main components: engine noise, propeller noise, airframe noise (turbulent 
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boundary layer) and structure borne noise. Depending on the frequency range, different theoretical 
and numerical approaches are used. With reference to low frequency region, where modal approach 
is expected to give its best performance, the finite element method is employed for the analysis of the 
interaction of the structural vibrations and the acoustic volume. Dedicated tools have been created, for 
simplifying the generation of the FEM model, including exterior dynamic loading, and results’ 
analysis. 
 
The following figure 5 gives an example of the procedure used for 
vibroacoustic FEM analysis. 
After having prepared and validated the structural and the acoustical 
model separately, they are coupled, then the loading pressure is 
added and the interior noise level is computed. As an example of 
these calculations, Table 1 shows the averaged SPL computed along 
several section of the fuselage, at 1.2 m from the floor, due to the 
first engine-propeller tonal loads (100 Hz). 
As expected, the maximum averaged SPL values result to be close 
to the propeller-engine position. The baseline configuration 
provides an averaged SPL of 90.85 dBA and a maximum SPL of 
99.8 dBA. 

x-dist. [m] SPL [dB(A)] 
0.75 82.8 
1.50 83.5 
2.25 89.3 
3.00 92.4 
3.75 92.6 
4.50 91.3 
5.25 92.0 
6.00 93.2 
6.75 93.1 
7.50 90.3 
8.25 83.8 

Tab. 1 – Interior Noise Results 
 

 

 

 
 

(a) (b) (c) 

  

 
(d) (e) (f) 

Fig. 5 -  Main steps for Fluid-Structure Finite Element simulation 
 Structural model (a) – 2-D Acoustic Surface (b) – 3-D Acoustic Volume (c) 
 Structural-Acoustic Coupling (d) – Exterior Pressure (e) – Interior Noise (f) 

 
Passive technology has been implemented for mitigating noise and vibration at BPF. Typical 
examples are dynamic vibration absorbers (DVA) which are designed to resonate close to propeller 
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tonal loads. An optimization process of the number and the position of each DVA can be addressed 
for identifying the most promising solution. Additionally, the design of each DVA may be addressed 
considering not only the resonant frequency, but including the associated vibration energy. 
Another example of passive solution for noise reduction is a doublewall system. The term "doublewall 
system" is used to identify a system composed by external skin, acoustic insulation and interior trim. 
A simplified model is presented here which includes fuselage skin, stringer, frames, interior trim and 
airgap, but it neglects the complicating effects of windows and doors, fig. 6. 
 

  
(a) (b) 

Fig. 6 - Fuselage FE model with trim panel (a); Acoustics cavities (b) – cabin (red) airgap 
(yellow) 

 
The research on the vibroacoustic behavior of fuselages has generated interesting side activities 
especially in the field of soundproofing materials, which are again a passive system for noise control. 
The efficiency of passive noise control is greatest at higher frequencies; however, they are still capable 
of providing noise reduction at low frequency. Based on this consideration an interesting research has 
demonstrated that soundproofing blankets could be produced through electrospinning, possessing 
sound absorption coefficient near unity at very low frequencies that can be tuned by changing the 
sample mass. Several specimens were manufactured by electrospinning specific PVP solution in 
ethanol under an applied electrical potential of 20 kV. Fig. 7 is a simple sketch of the experimental 
electrospinning setup, while fig. 8 shows an example of the specimens prepared for the acoustical 
impedance tube. 

 

  
Fig. 7 – Sketch of the electrospinning process Fig. 8 – Specimens for the impedace tube 

 
Electrospun nanocomposite fibres are lightweight, dimensionally stable, porous, flexible, and can 
absorb sound waves at high, medium, and low frequencies. The resulting specimens have been further 
treated by heat and with silica particles for being airworthy and compliant with the stringer rules on 
the materials which can be installed inside the aircraft, and now the lab-based process is moving 
toward a more industrial definition. 
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The interior noise activity has addressed measurements on real aircraft fuselages, both in the lab and 
in-flight.  
Global difference, measured in terms of reverberation time and average absorption, between a bare 
and a furnished fuselage has been carried out in the lab and reported in fig. 9. 
An interesting comparison is given in fig.10, where a comparison in terms of overall acoustic 
properties is proposed among different classes of airplanes. It turns out that the acoustic volume is 
“damped” similarly for each class of airplane and, therefore, what makes the difference are the external 
pressure loads. 
Acoustic measurements have been done in flight conditions to compare cabin treatments and layouts 
on-board of general aviation and business aircraft.  

 

 

 

 
Fig. 9 - Cabin noise measurements on a business aircraft 

 
Local acoustical measurements may result very useful for understanding specific transmission path, 
at specific frequencies. With the help of an acoustic antenna, Life Lab have performed some 
measurements of the window installation on the mock-up of the full-scale fuselage. An overview of 
such measurements is presented in fig. 11. A speaker excites the fuselage window with a specific noise 
“color” (white, pink, blue, and so on). On the back, behind the window, inside the fuselage, the 
acoustic antenna measures what is transferred, at which frequency and magnitude. 
These measurements help in improving the design and checking the efficiency of the installation 
effects. 
As outlined previously, the identification of the pressure loading is a fundamental aspect in assessing 
the vibroacoustic environment of a fuselage, therefore a correct simulation is extremely important. In 
order to check the confidence of aeroacoustic codes, in-flight measurements have been carried out. In 
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the framework of a European funded project, these measurements have been performed on a Tilt 
Rotor, for several flight conditions. Flush-mounted microphones have been installed at selected 
locations on the external skin of the fuselage and recorded in flight. Fig. 12 shows some of installed 
microphones and the preliminary results obtained from the data analysis. 

 

  
(a) (b) 

 
Fig. 10 - Acoustic absorption difference between a bare (a) and furnished (b) fuselage 

 

 
Fig. 11 - Reverberation time (T60) measured inside different airplanes 
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Fig. 12 - Location of the exterior (top left) and interior microphone (top right). Picture of the 
real installation (bottom left) and example of data analysis (bottom right) 

4 COMMUNITY NOISE 

Noise has been sometimes used as a technology progress indicator. Modern times are considered an 
expression of very high technological environment and, undoubtedly, we are all subjected to higher 
noise level than our predecessors of few centuries ago. The price to be paid to the technological 
progress. The incredible high level of efficiency and safety attained by modern airplanes, together 
with an increased interest of the world population toward “greener” economy, has raised a lot of 
attention toward the aircraft community noise, pushing the scientific community to reconsider the 
importance of this disturbing parameter and to force the compliance with noise regulation which have 
been resulted always more stringent, grounding in some cases airplanes which had noise figures higher 
than acceptable. 
The LIFE Lab activity in the field of community noise is dated back in the 90’s and went through the 
actual noise certification of numerous general aviation airplanes, the noise sources analysis, the 
simulation and the prediction, including both flight path analysis and component noise generation. 
Several activities have been carried out during the development of international research project, like 
HiSAC for the prediction of the sonic boom of supersonic commercial airplanes, or more recently, 
ADORNO which refers more to popular high subsonic airplanes. Fig. 13 presents the measuring 
locations requested by the certification procedure of a subsonic jet airplane and the prediction obtained 
by an in-house developed computer program. The list of the airplanes which have been noise certified 
includes most of the Partenavia (now Vulcanair) general aviation airplanes, all the Tecnam airplanes 
and their derived versions, the Piaggio P180, whose history for mitigating the emitted noise is reported 
in ref. [26], and several other small general aviation airplanes. 
According to the simplified noise certification procedure applicable to this class of propeller airplanes, 
the microphone is set at 2500m from brake release and measures noise emission throughout take off 
phase at maximum continuous power. Fig. 14 shows the reference flight path for computing the 
reference height based on the airplane performances, and the measurement setup typically employed 
for such tests. 
Further measurements and analyses have been performed on the possibility to introduce a 
simplification of the test procedure for a monitoring of the noise behaviour with the life of the airplane, 
Fig. 15.  
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Fig. 13 - ICAO Annex 16 measuring locations (top) and simulation output (bottom) 

 

 
 

Fig. 14 - Reference flight path for exterior noise certification and measurement set up 
 

  
Fig. 15 - Ground noise measurements of a single engine piston aircraft 

5 IMPACT DYNAMICS 

The study of the impact dynamics is another important topic which involves teaching and research at 
LIFE Lab. The first applications to nonlinear dynamic problems are dated back almost two decades, 
when it became clear the need of correlating several experimental tests, both for bird strike and seat 
crashworthiness certification, with numerical models. 
The bird strike is a collision between aircraft and birds. Such collision, apparently inoffensive to the 
aircraft, can produce considerable damages and consequences, not only to the structure, but also to the 
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electronic systems, mechanical systems, visual systems and guidance and control systems. So, it can 
even affect the flight safety and the proper functioning of the whole system.  
Crashworthiness refers more to passive safety and it is the ability of an aircraft structure and its internal 
systems to protect occupants from injury in an event of crash. 
As usual in LIFE Lab, a new research topic comes from real life, when a positive interaction between 
academia and industry turns out and they run together and parallelly for approaching new problems 
or looking for improved design solutions. 
Further activities in the framework of impact dynamics have been, for example, materials’ 
characterization for low, medium and high-speed impacts. This is a very important aspect of the 
impact simulation, since materials can change, sometimes substantially, their physical properties 
versus the impact velocity, affecting the result of long computation. 
With regard to the numerical point of view, algorithms implementing multi-body dynamics have 
shown their strong validity, both during the design phase of new structural component, and for the 
analysis of the results, highlighting with proper modeling the main parameters involved in the process. 
These activities have been always supported by experimental tests, partially using an in-house built 
drop tower, or test equipment made available by industry and research center. One example is shown 
in fig. 16, where the design of a composite crash absorber device went through the process of 
designing, building, material characterization, static and dynamic drop testing, installation on a real 
landing gear and testing its efficiency. 
 

  
(a) (b) 

  
(c) (d) 

Fig. 16 - Example of design of a composite crash absorber device, (a); its installation on a landing 
gear, (b); and test results (no device (c), and with the device installed (d)) 

 

The studies performed during this design process formed the basis for the definition of the bird strike 
assessment and optimization for inboard and outboard wing flap of a commercial airplane. Similarly, 
for the approach in designing solutions for bird strike clearance for cockpit. Fig. 17 reports several 
studies performed on a wide cockpit of a general aviation airplane, which involved the definition of 
the boundary conditions and the material characterization of glass compound. 
In the field of passenger passive safety, an incredible amount of activities has been performed, ranging 
from testing, numerical simulation, static and fatigue testing, multibody simulation, assessment of 
passenger comfort, DoE (Design of Experiments) procedure for most sensitive parameters’ 
identification, fig 18. These activities have been mostly funded by research projects on a competitive 
basis and, leaded by LIFE Lab, have given the opportunity for training on real, complex structural 
problems, some generations of young engineers. 
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(a) (b) 

  
(c) (d) 

Fig. 17 - Design of the cockpit structure, (a); windshield lay-up configuration, (b); and numerical 
results (lateral view (c), front view (d)) 

  
(a) (b) 

  
(c) (d) 

Fig. 18 - Typical seat-sled experimental setup, (a); results of numerical simulation with different 
modeling, (b); head path analysis, (c); accelerations’ comparison, (d) 
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6 CONCLUSIONS 

Several activities are on-going and they refer mainly to international research projects. A new system 
for full scale acoustic excitation of fuselage has to be designed and tested, the dynamic testing of the 
proposed new wing of next generation tilt rotor, the improvement of the community noise prediction 
software, and so on. Another milestone reached by this research group is the participation to the setup 
and execution of the full-scale fatigue testing of the wing of the P2012 aircraft, fig. 19. 
 

 
 

 
 

 

 
Fig. 19 - General view of the experimental fatigue set-up (semi-test article on the top) and detail 

of the test rig on the bottom (front view on the left and 3D view on the right 
 
This final, partial list of activities, concludes the overview of the research activities performed and on-
going at LIFE Lab, a laboratory of the Department of Industrial Engineering based in San Giovanni, 
a new campus of the University of Napoli Federico II. The backbone of all the activities is identifying 
and maintaining a track able to put together theory, simulation and test. The paper has summarized 
the research developed in the field of aeroelasticity, vibroacoustics, community noise and impact 
dynamics. These main topics have generated a continuous interest in the scientific community and 
industrial partners, offering opportunities for preparing research projects, both nationally and 
internationally funded, presenting papers at conferences and publishing on journals, participating to 
industrial programs ending with certified approval from worldwide aeronautical agencies (ENAC, 
EASA and FAA, just to name a few). An important follow up of all these activities has been a big 
number of master thesis and PhD programs with former students able to satisfy the requirements of 
the worldwide aerospace community in different fields. LIFE Lab has created the basis for future 
developments, always using the principle of development through small increasing complexities. 
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ABSTRACT

This paper discusses the application of microphone arrays in combination with machine learning to
fault detection and, specifically, the potential added value of spatial information to enhance the de-
tection capabilities of the machine learning algorithms. Acoustic signals from single microphones
are extensively used in combination with machine learning for condition monitoring and fault de-
tection in many applications. This is often done based on spectrograms (time-frequency images)
and requires a priori knowledge of the location of the sources of faults to be detected in order to
place the microphones in their vicinity. On the other hand, microphone arrays are a well-known
tool to localize sources of sound and provide information about the spatial distribution of sources
without a priori information about the system being observed. The question discussed in this paper
is whether spatial information obtained with microphone arrays could potentially improve the fault
detection capabilities of machine learning algorithms.
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1 INTRODUCTION

Single microphone signals are applied in the literature for fault detection based on time-frequency
information and machine learning when non-intrusive sensing is required or convenient to use [1].
However, the location of the microphone with respect to the source(s) to be observed determines
the information contained in the signal and the use of a single microphone might lead to loss of
information in complex systems with spatially distributed sources of errors. Therefore it seems
natural to consider the potential of microphone arrays (acoustic cameras) for condition monitoring
in combination wiht machine learning. Microphone arrays in combination with Machine Learning
(ML) are already used for, for example, source localization based on beam forming techniques [2].

In this paper the application of microphone arrays for fault detection is considered, which
implies discriminating between healthy and faulty conditions based on changes on the spatial dis-
tribution of the data. The results presented here are based on the unprocessed microphone array
data, no beamforming nor other acoustic holography processing methods are applied on the data.
It is expected that applying holography processing would enhance the information included in the
images and, hence, improve the results. The main question addressed here is whether spatial infor-
mation obtained with microphone arrays could potentially improve the fault detection capabilities
of machine learning algorithms.

2 FAULT DETECTION BASED ON MULTI-DIMENSIONAL DATA

Information about the spatial distribution of sound and vibration sources has the potential to im-
prove the fault detection accuracy of monitoring systems for complex systems and microphone
arrays are a promising tool to provide this information. However, in general, deep learning models
perform well if enough training samples are provided for the model to be able to generalize the
input. If the size of the input increases, as is the case when microphone arrays are used, a larger
number of training samples is required. In [3, 4] two data processing methods and a data aug-
mentation method are proposed that allow microphone arrays to be used as a fault detection and
potential condition monitoring tool using deep learning models. To reduce the size of the input, the
proposed data processing methods condense the microphone array data to an amount of data that
is better suited for deep learning models, while retaining the relevant information. They are based
on Fourier transforms to create spatial- and frequency-domain images of the sound. Furthermore,
to increase the amount of training data without the need of extra experimental data, the proposed
data augmentation method generates new data by applying random windows to the microphone
data in the time-domain, before they are transformed to the frequency domain. Consequently, the
need for an extensive amount of experimental data in order to prevent over-fitting is reduced. The
data processing and augmentation methods are applied to two classification cases: detecting the
position of added mass on a plate and estimating the amount of unbalance mass in a rotating disc.
A simple and robust neural network is trained to predict the location of the mass and the amount of
unbalance respectively.

3 DETECTION OF ADDED MASS ON A PLATE

3.1 Multi-dimensional dataprocessing method

In [4] toe multi-dimensional dataprocessing methods are proposed: a peak finding method and
three-dimensional (3D) image method. A schematic representation of the two methods and the
corresponding neural network structure is provided in Figure 1.

In the peak finding method, a number of frequency peaks in the sound pressure spectrum
measured with the microphone array are selected and images for each peak are generated. These
images are feeded to separate neural networks and the outputs are combined to provide the input
to the neural network that provides the classification outputs (see Figure 1). In this method, the
acoustic images are treated as independent (unrelated) images. The 3D image method proposes a
different approach alltogether and consideres the complete frequency information, split in equally
distributed windows, leading to interrelated sequence of images, [space, space, frequency], that is
comparable to video information and can be analysed applying video recognitions methods [5]. The
3D image method and corresponding neural network are represented in Figure 1. Both methods are
discussed in detail in [4] and it is concluded that the 3D image method leads to significantly more
accurate classification than the peak finding method. Therefore, only the results for the 3D image

2
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Figure 1: Data processing steps per measurement based on method and neural network structures
per method. (a) Data processing steps, (b) Neural network for the 3D Image method, (c) Neural
network for the Peak Finding method.

method are discussed in the remaining sections.

3.2 Experimental set-up

In order to validate the 3D image method described above an experiment is designed to train a
deep learning algorithm to predict the location of a mass located on a vibrating plate using the data
gathered by this acoustic array. The response of the vibrating plate is altered by adding extra mass
to a specific location of this plate, which the microphone array should be able to measure when
the data is properly handled using the proposed methods. The experiment resembles a situation
similar to many fault detection applications where change in the response of the system is caused
by a location specific fault.

An schematic drawing and a photograph of the experimental set-up is provided in Figure ??.
This set up includes a 32x32 miucrophone array (Sorama R©CAM1K), a brass plate (401x401x2.05mm),
a disturbance mass of 35g consisting of two magnets on each side of the plate and a mechanical
shaker on double leaf-springs to avoid vibration tranmission to the frame.

The input voltage as function of time of the mechanical shaker is given as a chirp noise

f(t) = 10 · cos(10000π| cos(π t
2
)|) (1)

in the frequency range from 0Hz to 5000Hz and with a full chirp duration of 2 seconds.
The mesurement distance for the array is set to 300mm ro create a challenging realistic data-

set. In general, measuring the system from a relatively close distance would result in better results,
however, the goal of the experimental setup is to validate and compare the proposed methods in a
setting that is translatable to industrial applications.

In order to create a data set that is manageable, the disturbance mass is only placed in a
quarter of the available space. Note that the system is symmetric, so the results can in theory be

3
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Figure 2: Experimental set-up. (a) Schematic drawing, (b) Photograph showing the
Sorama R©CAM1K, plate and shaker.

extrapolated to other quadrants of the plate. The data set is based on 42(6 by 7) locations for the
disturbance mass, measured 5 times 2 seconds per location each. Thus, resulting in a total of 210
data samples in the complete data set. Note that this low number of samples is intentional, since it
is unlikely for most applications that much training data is available.

3.3 Mass localization results

In Figure 3 the localization results are summarized for augmented training data with 4 training
samples, which is the most accurate case found in [3].

Figure 3: Test errors e of disturbance localization per position on the brass plate. The dotted circles
specify the mean accuracy of the test data output for their respective position. The box plots show
the error distribution of test output for the respective row/column of disturbance locations.

The main conclusion that can be derived from Figure 3 is that the majority of test locations
of the disturbance mass is predicted accurately. However, in some cases the trained network is
not able to accurately localize the position of the mass. In general, the large errors seem to occur

4
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more frequently towards the center of the plate (bottom left of the figure), which can perhaps be
explained by the fact that the shaker has more influence over the movement of the plate towards the
center, while the outer edge of the plate is relatively more affected by the mass and thus easier to
detect.

To assess whether the spatial information increases the accuracy of the fault detection, the
number of microphones used in the training of the neural network is reduced. The results of this
experiment are given in Figure 4. Note that the number of microphones is reduced by ”cropping”
the images, i.e. removal of the outer edges of the microphone array. For uneven number of mi-
crophones, the rows and columns of microphones are removed from the top and left of the array
respectively.

Figure 4: Box plots of test error e in millimeter for varying number of microphones as input. All
samples that have an error below the dotted line are predicted at the correct location. Note that for
box plots, 75% of the results are in or below the boxes.

As can be seen in this figure, when at least a 16 by 16 microphone array is used to train
the model, the model is able to predict a location closest to the correct location in at least 75% of
the cases. For smaller arrays, the error exponentially increases. Since the height and width of the
plate are around half of the size of the microphone array, reducing the effective microphone array
to an array smaller than the plate affects the performance negatively. These results indicate that in
situations where the faulty components are distributed in space, multi-dimensional data including
spatial information would potentially provide a better detection accuracy.

4 ROTOR UNBALANCE DETECTION

The approach proposed in the previous section is applied to detecting the amount of unbalance in a
rotor [6]. To this end an experimental set-up is build where an aluminium disc of 0.15m diameter
and 0.03m thicknes is mounted on the output shaft of an ABB M2aa 090L three-phase induction
motor mounted on a cast iron table as shown in Figure 5. The disc has threaded perforation where
bolts can be mounted to created a controlled unbalance. A MEMs microphone array with 32x32
microphones (Sorama CAM1K) is mounted on a rack at a distance of 39 cm from the edge of the
table. After some preliminary tests the array is moved back to a distance of 82cm to recreate more
realistic conditions. The rotational velocity of the motor is set to a constant value of 30Hz.

A controlled unbalance in the range 30-50g is created by combining of an M8 bolt (30g) and
M8 nuts (4g) leading to seven different configurations, as indicated in Table 1. Each configuration
is measured 16 times, leading to a data-set with 112 different mesurements.

The array measurements provide sound pressure levels in the frequency range 0-20kHz.
A pre-study is carried out to identify the most suitable frequency range for the detection task at
hand and the frequency range 0-300Hz is selected. The average normalized sound pressure in
the frequency range 0 to 300 Hz is given in Figure 6 for the balanced case and the case with an
unbalance mass of 50g. The average is taken over all 1024 microphones.
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Figure 5: Photograph of the experimental set-up. The disc has threaded holes where bolts can be
placed to create a controlled unbalance. All tests are performed for a rotating speed of 30Hz and
measurement distance of 82cm.

Configuration Structure Weight [gram]
1 none 0
2 M8 bolt 30
3 M8 bolt, 1 x M8 nut 34
4 M8 bolt, 2 x M8 nut 38
5 M8 bolt, 3 x M8 nut 42
6 M8 bolt, 4 x M8 nut 46
7 M8 bolt, 5 x M8 nut 50

Table 1. Rotor imbalance configurations.

Figure 6: Average normalized sound pressure in the frequency range 0 to 300 Hz for the balanced
and unbalanced (50g) disc. The average is taken over 1024 microphones.

The rotational speed of the motor (30Hz) and its harmonics can be clearly seen in the sound
pressure spectrum corresponding to the unbalanced rotor while most of them are hardly visible for
the balanced rotor. Therefore it is expected that the data proccesing approach and neural network
proposed in the previous section 1 will lead to satisfactory classification results.

There are 105 different data-sets used to train the neural network. Each data-set contains
an array with dimensions 300 by 32 by 32. The data-sets are used as input which is flattened to

6
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change the input dimensions to a single row. After this layer, additional layers follow: 10 nodes
with a linear activation, 700 nodes with a sigmoid activation, 100 nodes with a sigmoid activation
activation and finally the last layer resulting in the output with a linear activation. The network has
a single number as output which indicated the added mass to the electric motor. It has no loops
within the network itself, making it a feedforward network. It can also be described as an multilayer
perceptron (MLP) as it uses only feedforward in combination with activation functions [7].

The neural network is trained with 105 data sets and tested with one random data set per con-
figuration. This procedure is repeated 20 times per configuration.The classification results obtained
with the full array are summarized in 8(a), where the average unbalance mass over 20 training iter-
atioins detected for each of the seven cases is plotted. The 95% confidence interval is indicated as
well. It can be seen that for all but for the smallest unbalance mass the right unbalance is detected
within a margin of less than 1.5g. The errors are larger for the lowest unbalance of 30g and the
balanced case. This is likely due to the fact that there is no learning data between 0 and 30g.

In order to assess the potential benefit of 3D-data for the detection of the unbalance mass, the
analysis is repeated for different sizes of the microphone array from full (32x32) to 1 microphone
with four intermidate sizes as indicated in Figure 7. The red square indicate active microphones.
The arrays of size 8x8, 4x4 and 2x2 are centered with respect to the position of the disc-motor
system position. An overview of the mean classification errors with corresponding 95% confidence
intervals for all array sizes considered (including the full array and the single microphone case) is
provided in Figure 8.

Figure 7: Microphone positions included in the data for the array size analysis with red squares
indicating active microphones. The smaller arrays are centered with respect to the disc-motor
system position. (a) 16x16, (b) 8x8, (c) 4x4, (d) 2x2.

It can be seen that the mean classification errors tend to be larger when the array size is
reduced to 8x8 or less, although no clear trend of increasing errors for decreasing array sizes is
seen. On the contrary, the 2x2 array data leads to smaller errors than the 8x8 array data. Overall,
the 16x16 array data-set provides the smallest classification errors, except for the balanced case.
This may be seen as an indication of the potential added value of 3D-data (2D space + frequency)
for failt detection. However, in this case, the improvement in detection accuracy with respect to the
2x2 and even the single microphone does not seem to justify the much larger data-set required for
the 16x16 array.

5 CONCLUDING REMARKS

In this paper fault detection methods based on acoustic cameras and machine learning are discussed
and, in particular, the added values of the spatial information provided by by acoustic images for
a more accurate fault detection. The results of the two test cases discussed indicate that spatial
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Figure 8: Mean classification errors with 95% confidence interval for 20 training iterations and
different array sizes. (a) full array, (b) 16x16, (c) 8x8, (d) 4x4, (e) 2x2, (1) one microphone.

information might potentially lead to better fault detection in complex systems with many spatially
distributed fault sources.
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must respond to new challenges arising from the occurrence of extreme loads linked to climate 
change, the need to exploit marine renewable energies and the new frontiers of deep-sea activities. 
Among the emerging sectors, marine robotics is probably the most advanced and innovative one and 
offers several topics for structural dynamics. Beside the large use of Information and 
Communication Technologies (ICT), new smart and lightweight materials, sensor development, 
advanced mathematical models for the design, innovative control strategies are the key elements of 
this process. 

Almost all structural dynamics problems in the marine and maritime engineering sector 
involve hydroelastic phenomena. Therefore, the study of the characteristics of the structure-fluid 
coupling should represent the fundamental element of the analysis. In the past and somehow still 
nowadays, most marine structures were considered as rigid bodies to simplify the design and the 
analysis phase even when the rigid body approximation was not properly verified. However, also 
when the deformation of the body can be considered small thus, not producing modification of the 
hydrodynamic field, the dynamic response of structures including heavy fluid effects, must be 
considered at least for the correct verification of structural integrity and fatigue life. It is important to 
underline that frequently the correct understanding of the dynamic behaviour of structures can lead 
to simplification in the calculation of the hydrodynamic loads since structures respond selectively, 
allowing to neglect some features of the hydrodynamic field. In recent years, it has been 
demonstrated that structural deformation can play a significant role in modifying the physics of 
several phenomena related to marine and maritime engineering. Apart for hydroelastic stability 
problems i.e. vortex induced vibrations of risers and mooring cables and flutter of control surfaces, it 
is worth citing impact problems (slamming, sloshing), large ships and offshore structure dynamics, 
flexible propellers, turbines for energy conversion and biomimetic propulsion. Moreover, in many 
cases the control strategy adopted to reduce the undesirable effects or to improve the performances 
are based on the physics underneath fluid-structure interaction coupling and on the use of 
deformable elastic materials. In this paper most of the marine engineering applications involving 
new challenges and trends for structural dynamics and noise are presented. Three sectors have been 
analysed: maritime transport, offshore structures and marine robotics with emphasis to bioinspired 
underwater autonomous vehicles. 

2 SHIP STRUCTURES 

2.1 Reducing the impact on the environment and increase the comfort level on board 
The reduction of chemical and physical emissions is the main issue to support the economic 

development of maritime transportation while reducing the impact on the environment. Alternative 
fuels, innovative power generation from renewable sources and high levels of connectivity and 
automation with the large use of ICT to optimize operations on board and at sea are fundamental 
topics towards the zero-emission target set for 2050. Anyway, reducing greenhouse gases deals also 
with many practical improvements in ship efficiency as the use of lightweight materials and of hull 
coatings to reduce frictional drag but also the improvement of propeller efficiency. On the other 
side, one of the most severe anthropogenic impact for the marine life is the underwater radiated 
noise from commercial shipping. Its reduction implies the analysis of machinery, auxiliary engines 
and propulsive system which are, at the same time, the main sources of vibration and noise radiated 
on-board. Among noise sources, although relevant for military applications only, it is worth 
mentioning the hydrodynamic noise. In the following subsections the attention is devoted to a short 
description of the state of the art in the analysis of radiated noise on-board ships and to give a focus 
on new trends in propeller design. 
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2.1.1 Radiated noise on board 

The analysis of noise generation and transmission is an important issue to guarantee an 
adequate level of comfort on board and, for military applications, to ensure the correct functioning 
of the on-board sensor arrays. For what concern noise radiated on-board commercial ships, several 
regulations already exist and state of the art methodologies, mainly based on finite element or SEA 
analyses, are available [1].  

Hydroynamic noise includes vortex shedding from appendages and control surfaces as well 
as breaking waves at the ship bow and turbulent boundary layer (TBL) attached to the hull. The 
response of elastic structures to random TBL excitation has been studied to reduce the self-noise of 
military ships [2]. Most of the control strategies in the naval field deal with boundary layer control 
instead of structural or acoustic control. From the early 60ies different passive control devices have 
been applied, among them of concern are blowing and suction, the use compliant surfaces, micro-
bubbles and polymer and, more recently, the development and application of water repellent bio 
inspired coatings [3]. However, given the broadband nature of TBL excitation, an effective 
mitigation approach must necessarily involve hybrid control strategies. 

 

2.1.2 Reducing vibration and underwater radiated noise: the deformable composite propeller 

Over the last century marine propellers have designed as rigid and with fixed geometry. This 
approach can lead to significant performance decay when operating in off-design conditions. In fact, 
the propeller is optimized for a single design condition corresponding to a specific advance ratio J 
and thus to a specific angle of attack of the incident flow. If the advance ratio changes as in the case 
of a propeller operating in off-design condition and if the pitch remains unchanged, the suboptimal 
angle of attack gives lesser hydrodynamic efficiency and can produce high vibrations that are 
transmitted to the hub and to the ship structures. Moreover, the rigid assumption precludes the 
possibility of exploiting the deformability of the material to control the hydrodynamic loads, the 
vibrational response and the noise radiated on board ships or at sea.  

Address all these issues became mandatory since reducing the impact on the environment by 
reducing fuel consumption according to the long term strategy for a Climate Neutral EU by 2050, 
and reducing underwater radiated noise according to the Marine Strategy Framework Directive 
(GES 11) are major challenges for shipping. Propeller efficiency can be improved with controllable 
pitch devices that adapt blades to different loading conditions. However, these devices are complex, 
expensive both for operational and maintenance issues and large thus limiting the propeller size. A 
new perspective is given by the recent advances in material technology; the idea is to have self-
adaptive structures i.e. able to modify their shape by adapting to different loading conditions.  

For instance, considering laminated fiber reinforced composite materials, the material 
anisotropy can be used to generate twist in the propeller blade from its bending under the action of 
hydrodynamic loading. This twist alters the effective pitch of the propeller which may be used to 
improve the hydrodynamic performance at off-design conditions. 

Moreover, composite laminates (mostly glass and carbon fiber) have many other advantages 
over traditional metallic materials such as aluminum and nickel aluminum bronze (NAB), including 
higher strength-to-weight ratios, improved vibration damping properties, reduced magnetic/electric 
signatures, better fatigue characteristics, higher durability, resistance to corrosion (salt water and 
other chemical agents) and to biological growth, lower life-cycle costs, and reduced manufacturing 
cost for complex shapes if compared with manual pitch orientation devices. 

In [4] the effects of stacking sequence on the hydroelastic performance of composite 
propeller blades is analysed for the first time. More recently and over the last ten years several 
papers have been published by Young and its co-authors [5-8] to address different issues regarding 
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numerical as well experimental analyses of flexible propellers and hydrofoil. For a comprehensive 
review on this topic see [9] 

When using deformable materials, a two-way structural-hydrodynamic coupling must be 
considered and therefore fluid-structure interaction (FSI) models must be developed. The most 
common way to numerically analyse the problem is to couple Boundary Element with Finite 
Element, but it is demonstrated that to correctly model the complex fluid conditions around a 
propeller i.e. the turbulent ship wake, the boundary layer and the rudder propeller interaction it is 
necessary to consider fluid viscosity  [5-10] . 

Moreover, a propeller of a surface ship when rotates at high speed is affected by cavitation, 
the instability of the cavitation bubble consisting in the periodic growth and collapse generates high 
hydrodynamic load fluctuations, strong vibrations, fatigue, noise and erosion. Therefore, flexible 
composite propeller blade should be designed to reduce or avoid cavitation. The description of the 
complex phenomena associated with different kind of cavitation and their generation is outside the 
scope of this paper nevertheless, what has been observed numerically and experimentally is that, for 
a deformable propeller, cavitation inception is delayed and that the size of the cavitation bubble is 
smaller than for a rigid propeller operating at the same conditions [11].  

However, the interaction between blade vibrations and cavitation bubbles should be studied 
in deep since instability effects such as those reported for hydrofoils could arise. 

Experimental tests both at model and full scale have been performed to evaluate the 
performances of flexible composite propellers. Few model scale tests can be found in literature (for a 
comprehensive review see [9]), many are dedicated to the comparison between the performance of 
rigid and flexible propellers these last characterized by different construction solutions in terms of 
geometries and materials. Tests have been performed also in off-design conditions and in 
manoeuvres as for instance during cashback [9]. However, improvement in performance compared 
to the rigid model has not always been verified, the comparison with the reference rigid model does 
not always exist, the experimental results do not always confirm the numerical ones. Moreover, 
there is a total lack of structural experimental data, in fact tests are limited to measure hydrodynamic 
quantities.  

It is important to underline that model scale tests have been performed on small size 
propeller (D< 2 m) therefore it is not clear if the results can be extended to full scale size propellers 
that typically have diameters up to 5-6 m. An attempt to provide scaling laws for the composite 
flexible blade including hydrodynamic, structural dynamic and cavitation can be found in [12]. 
Neglecting the effect of surface waves, yaw and shaft inclination angle, 12 structural and 
hydrodynamic variables affects the propeller performances therefore, 9 dimensionless parameters 
governing the phenomenon can be found. Among them the Froude, Reynolds and Mach similarities 
cannot be verified simultaneously unless the scale λ is equal to 1. The results of the comparison 
between different numerical simulations performed considering separately the above three 
similarities suggested that the Mach scaling is the most practical since it allows to use the same 
material for the model and the prototype which will make simpler the construction of a 
geometrically similar model that will have the same normalized 3D distribution of the structural 
mass, bending rigidity, torsional rigidity, and bending–torsional coupling rigidity. The use of Mach 
similarity implies also that the axial model scale velocity must be the same as that at full scale. The 
Mach similarity can be applied only if gravitational forces are negligible compared to hydrodynamic 
inertial force, rotor elastic force, rotor inertial force and if the speed is sufficiently high so that the 
flow is fully turbulent. Moreover, it is important to keep in mind that although the 3D load-
deformation responses will be similar between the Mach-scaled model and the prototype, the 
detailed stresses and strains distributions, and potential material failure mechanisms, may be 
different because of differences in manufacturing which is an hard task especially at the root and at 
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the tip. It should be clear from the above that the trend is to develop numerical models for design 
and to use experimental model scale data for code validation only. 

Some full-scale data exist but most of them being related to warships or submarines are 
classified. 

For what concern structural modelling, Abrate [13] presented the mathematical and 
theoretical background necessary to understand the issues involved in the analysis of flexible 
composite marine propeller and a detailed analysis of the state of the art focusing on material design 
and modelling. He also pointed out a number of key issues concerning the structural design: i) as 
already stated, model scale experiments could not provide valuable information for full scale design, 
ii) for large propeller it would be better to use sandwich structures with core and spars, iii) the results 
of numerical simulations shown that better performances are achieved by considering a single 
anisotropic layer that provides the maximum elastic bending-twist coupling however, in this way, it 
is not possible to have a multidirectional stiffness that would be necessary to resist to hydrodynamic 
load, iv) as a consequence of the previous point, the strength analysis should be considered also 
during the preliminary design and v) the interlaminar stress concentrations due to the reduction of 
the number of plies necessary to achieve the desired variation of the thickness from the root to the 
tip of the blades can lead to delamination that shall be studied. 

Another way to address this topic is to use smart materials to generate twist considering an 
adequate structural strength, among them shape memory alloys (SMAs) seem to be very effective 
for structural shape control due to the large strain (∼6–8%) they can produce with the change in 
temperature. An application to marine propeller can be found in [14], the authors considered a full-
scale propeller 4.2 m diameter, made of graphite-epoxy composite integrated with SMA actuators. 
They numerically evaluated the performances using a viscous flow model the results shown that the 
maximum hydrodynamic performance is achieved for a specific J when the twist is maxima. Finally, 
for what concern composite material damping, Hong et al. [15] proposed a hybrid methodology to 
investigate the effect of lamination parameters on the structural damping and the dynamic responses 
of the composite blade providing some suggestions about the possibility to reduce the vibrational 
response.  

2.2 Ship response to extreme events 

2.2.1 Global dynamic behavior: springing and whipping response 

The dynamic response of ships to waves is indicated as linear springing when the natural 
frequencies of the ship (2-nodes bending mode) are close to the encounter wave frequency (around 
0.1-0.3 Hz) leading to a resonance response. This phenomenon is particularly important for long and 
flexible ships, typically ultra-large containerships (ULCS), for which the first resonance frequencies 
are low and, consequently, of the order of the encounter frequency.  Nonlinear springing occurs 
when the ship response is forced by multiples of the (encounter) peak wave excitation frequency. On 
the contrary, the structural response to transient excitations, such as those related to impulsive forces 
typically of severe sea states (slamming or green water) or to underwater explosions (UNDEX), is 
called whipping. The evaluation of the whipping and springing responses are important for the 
correct estimation of the fatigue life. 

Both problems are dealt numerically and experimentally, with tests mainly used to provide 
validation of the numerical predictions than to give further insights into the physical phenomena, 
with few exceptions (multihulls, UNDEX, ULCS in oblique and following seas). Potential codes for 
the fluid loads coupled to FE or higher-order beam-like theories are still robust and efficient 
approaches compared to CFD-CSD massive approaches. Segmented models with elastic backspline 
scaling a significant subset of the structural properties, typically according to a modal description, 
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have reached the capability to catch the vibratory bending/torsional response of ships under different 
relative wave directions [16].  

Over the last years, the need of increasing the fidelity of simulations for whipping and 
springing problems has prompt researchers to a particular attention regarding the evaluation of 
structural and hydrodynamic damping. This concern, along with a growing use of monitoring 
systems on-board, has motivated a full-scale analysis of ship damping. This implies the use of 
damping estimation techniques based on output-only measurements, or operational modal analysis 
(EFDD, BP-POD, SSI, TDIM etc). The high modal density and other issues still pose limits to 
identify uniquely the coefficients to be inserted in hydroelastic codes. To get a better insight into the 
problem, a combined use of full-scale and segmented model tests has been recently proposed. Model 
tests are performed in dry and wet conditions to evaluate the structural and global (hydrodynamic 
plus structural) modal damping [17]. The difference between the two values gives the added fluid 
damping. Assuming a linear behaviour, the Froude scaling allows the determination of the full scale 
added damping value that can be subtracted from full-scale damping measurements to finally 
identify the structural one.  

 

2.2.2 Local dynamic response: impact problems  

Slamming is the impulsive and randomly occurring load which usually involves the ship 
bow in head sea and, for some hull forms like cruise ships or some cargos, the aft part of the ship, 
due to the particular geometry of the stern, might occur. As previously discussed, due to its short-
period duration and the high local pressures slamming excites the low-order global ship modes but, 
at the same time, is responsible for overloading the ship hull plating, frequently causing plastic 
deformations and visible damage. Numerical approaches have to address the two-phase fluid 
description (air entrapment between the hull panel the water affects the loads) and the coupling with 
the elastic structure, typically stiffened plates or composites. CFD-CSD simulations with partitioned 
approaches have received an increased attention, setting the coupling strategy between fluid and 
solid at the mid-point between accuracy and computational efficiency. Experimentally, much effort 
has been dedicated to the development of testing set-ups and measurement techniques where 
reproducibility of the test and material conditions in the codes is guaranteed. This has often implied 
structural assessment of the impact facilities. 

The violent impact of liquid masses inside ship tanks is named sloshing, this phenomenon 
can be responsible for large deformations and serious structural damage. In the last decades sloshing 
has become a critical issue because of the increase number and size of LNG ships. The phenomenon 
is extremely complex from a physical point of view since it involves air cushion, liquid 
compressibility, hydroelasticity, aeration, thermal exchange [1,18]. All these phenomena are 
randomly combined so that experimental data obtained in nominal identical conditions show big 
scatter.  

For a complete understanding of the phenomenon it would be necessary to solve the coupled 
liquid-gas and structural problem at the same time. However, most of the numerical and 
experimental effort is devoted to the evaluation of the extreme pressure on a rigid flat surface. This 
approach has several shortcomings since impact pressure is very localized both in space and in time 
therefore, its extreme value is not easy to be captured. Moreover, pressure peak does not provide the 
maximum structural response that highly depends on the fluid structure interaction characteristics. 

The major limitation to a correct estimation of the structural damage is the lack of reference 
data [18]. Typical experimental tests involve laboratory experiments at small scale using the 
exapode to infer the desired motion. These tests can give a correct estimation with a high degree of 
repeatability of global quantities such as the hydrodynamic force but are not so significance for the 
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calculation of the pressure field since the Froude scaling does not apply when other physical 
phenomena occur (gas cushion, compressibility etc.). Moreover, as already stated, the repeatability 
of these tests is very low. The lack of scaling laws seems to be at the moment the most important 
problem to be solved. In [19] the scaling of the air cushion is addressed by considering not only the 
Froude similarity but also the Euler number similarity by decreasing pressure inside the test tank. In 
[20] the hydroelastic coupling for 2D flow is analysed by measuring impact pressure and strains 
over a flexible beam. As a final remark it is important to underline that, in laboratory experiments 
the side of the tank are represented by flat beams or plates while ship tanks present several 
geometrical discontinuities such as corrugation and raised edge to alleviate impact loads. 

Full scale tests are extremely complex and expensive, the available data regards pressure 
measurements inside a container tank. As reported in [18] the quality of data is poor due to the 
inherent difficulties at measuring impact pressure moreover, the exact test conditions are uncertain. 
Data can be used just to provide information about the rate of occurrence of impacts. Large scale 
laboratory tests have been performed by drop tests or wave flume impacts. Results obtained within a 
EU project shown that quasi full scale tests are the best way to provide data for validation of the 
numerical models.  

Concerning numerical methods, a preliminary seakeeping analysis is necessary to set the 
impact conditions. However, the definition of the simulation scenario is not an easy task implying 
multiple combinations of environmental and navigation condition calling for a non-deterministic 
analysis of the full problem. For the local analysis, CFD or potential flow theory is employed but till 
date only simplified analytical models have the possibility to incorporate hydroelastic effects. FEM 
is usually used to calculate the structural response. Numerical models are not yet at the state of the 
art and are not able to correctly simulate the nonlinear fluid-structural coupling.  

3 UNDERWATER ROBOTICS 

3.1 Biomimetic propulsion: the robotic fish 
Over the last years underwater robotics has become an attractive topic for the scientific 

community due to the large number of applications in the field of marine engineering. Unmanned 
Underwater Vehicles (AUV) are used for both civilian and military purposes to perform missions 
that cannot be easily done by other marine vehicles or by humans because of the harsh environment 
(chemical pollution, possible underwater explosion etc.) or because they involve risky operations 
such as the monitoring and maintenance of submerged structures, inspection inside pipes or other 
narrow mechanical components. Moreover, if designed to mimicking biological systems, AUVs can 
offer stealth (invisibility and silence) in maritime surveillance operations. AUVs are frequently used 
also for scientific purposes such as environmental and biological monitoring and observations. Since 
each mission requires specific capabilities, ad hoc design is needed to meet the precise requirements. 
The development and the construction of bioinspired AUVs takes advantages from the recent fast 
development in soft and cooperative robotics, actuation, control and new materials [21,22]. 

With the intention of mimicking their swimming mode, fish locomotion has been deeply 
studied to understand their unique capacity at moving at high speed with low energy and at easily 
manoeuvring. Of the 30.000 known species of fish, most use undulatory swimming as the main 
mode of locomotion. Among them we can distinguish between those characterized by an aspect 
ratio of 10 or more with a cross section that vary moderately along the length (eel-like swimmers) 
and the salmon-like or tuna-like swimmers that have typically an aspect ratio of 5, a large and 
streamlined anterior region which accounts for the most part of the mass and are separated by a 
caudal fin from a caudal peduncle of reduced cross section. The former generated thrust by the 
bending of the whole body, the latter by propagating a bending wave through the caudal fin [23,24]. 
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For a comprehensive analysis of hydromechanics of different fish propulsion one can refer to 
Lighthill work [24]. 

Notwithstanding the large number of scientific papers devoted to the modelling of 
kinematics, dynamics, hydrodynamic, actuation, control and material design, these robotic fishes 
still do not compete with their biological counterparts in terms of swimming abilities. As reported in 
[22], the maximum velocity reached till date with a robotic fish is 3.7 m/s whereas the maximum 
speed of a swordfish is 27 m/s. Anyhow, robotic fishes usually move with speeds lower than 1 m/s 
and their manoeuvring capability is very low. 

Most of the engineering applications regard the salmon/tuna-like swimmers because, as 
highlighted in [4], are more efficient and can swim at high speed (20 m/s or more depending on their 
morphological characteristics). In line with the above considerations, the body is assumed rigid and 
the caudal fin that oscillates laterally with respect to the horizontal fish axis is partially rigid and 
partially flexible.  

The hydrodynamic field are solved either by analytical or numerical CFD models being the 
former preferred because they can give real time responses. Starting from the papers of Lighthill [23, 
25, 26, 27] who first provided mathematical models for the definition of the inertia force and thrust 
in the case of small and large oscillations, and of Wu [28,29] with its waving plate theory, little has 
been done. These models are based on inviscid 2D flow theory valid for enough high Reynolds 
number value. Lighthill models are based on the slender body theory, thrust is obtained by simple 
energetic considerations as a result of the reactive force generated by the fast acceleration of the 
virtual fluid mass produced by the lateral fish motion. Wu translated the aeroelastic models for 
flexible oscillating wings to the fish propulsion. In both cases the wake is considered frozen thus, 
translating with a constant velocity. More recently in [30, 31], the Morison equation and 
experimental tests are used to derive the inertia and the drag force generated by the oscillation of the 
fish tail modelled as a Euler Bernoulli beam with different cross sections. The model provides the 
deflection of the tail end that is used to calculate thrust through Lighthill analytical expressions. 
Results are validated by experimental data relative to static thrust measurements performed varying 
the tail oscillation frequency. Static thrust can be considered a good approximation of the dynamic 
one for small velocity. Validation of the tail displacement amplitude is performed with data obtained 
by free running experiments once added mass and damping coefficients have been corrected by the 
results of static experimental data. This semi-empirical model considers viscous effects but neglects 
the vortex generation. Numerical simulations and flow visualization [32] have shown the importance 
of an accurate modelling of the vortex wake which is nonstationary and 3D. In [32] vortex control is 
presented as a fruitful way to optimize the efficiency of robotic fishes. 

Fish structure is modelled by lumped parameter models or by continuous models, the Euler-
Bernoulli beam is used in [30,31] but some attempts at considering more complex models such as 
the Timoshenko beam have been made [33].  

Passive flexible materials have shown limitation at mimicking the exact fish motion 
therefore one of the ways to improve the efficiency of the robots is to use actively actuated flexible 
materials [22]. Moreover, some first attempts at evaluating the optimum shape of the robotic fish 
based on simple hydrodynamic considerations have been made by Lighthill [26]. More recently 
Eloy [24] using evolutionary algorithms performed the optimization of the whole fish body 
maximizing speed and efficiency. Finally, in [34] multi objective optimization is applied to identify 
the best design for the caudal fin considering the material stiffness and using the Lighthill large 
displacement elongated theory. 

From this picture it is evident that improving robotic fish performances is still an open 
challenge. The first bottleneck regards hydrodynamic and fluid structure interaction modelling that 
should consider more sophisticated models able to include correctly the vortex shedding process, 
viscous effects and nonlinearities. CFD can provide useful information that must be used to enhance 
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the predictivity of simplified, low time-consuming models necessary to perform optimization and 
control. The role of innovative smart material is a key issue for this kind of applications. 

4 OFFSHORE STRUCTURES 

4.1 Dynamic response of marine risers 
A marine riser is used in the subsea oil and gas industry as a conductor between the seabed 

and the offshore platform or vessel. The analysis of its fatigue life and its response to particularly 
severe sea and wind conditions represents a major issue for marine engineering to avoid sudden 
failure that can be catastrophic for the marine environment. 

A marine riser operates in a severe environment due to the continuous loading generated by 
currents and waves. Currents affect directly the riser dynamics whereas waves excite the support 
platform/vessel that transmits forces to the riser. Another important issue to be considered, even if 
rarely included in the analyses, is the internal fluid effect affecting the riser tension.  

Depending on the assumptions made on sea state and current conditions, hydrodynamic 
loads can be treated as deterministic or random. Anyhow, one of the major issues in the most recent 
technical literature is to consider the stochastic nature of the problem due to several inherent 
hydrodynamic [35]  and structural [36] uncertainties (flow velocity and profile along the span, riser 
configuration/position, fouling altering the mass of the risers, corrosion altering the stiffness, 
inhomogeneity of material, manufacturing, connection joints, surface finish etc.).  

The fundamental physics beneath currents and riser interaction which generates one of the 
most relevant and popular hydroelastic coupled problem in ocean engineering, arises from the fact 
that a bluff body – in this case a cylinder- placed in a current, generates a vortex wake that is 
unstable due to flow instabilities and riser movement. Insights into the characteristic of the vortex 
shedding process that depends upon the Reynolds number Re= UD/ν where U is the current velocity 
, D is the riser diameter and ν is the kinematic viscosity of the fluid, can be found in the early review 
of Govhardan [37] and Bearman [38]. The shed vortices exert periodic forces in in-line and 
crossflow directions which cause the riser to vibrate. The amplitude and characteristics of the 
vibrational response depend on many factors, including the level of structural damping, the relative 
mass of the body to the displaced water mass (the so-called “mass ratio”), the aspect ratio, the 
magnitude of the fluid forces, and the proximity of the vortex shedding frequency to the natural 
frequencies of vibration of the body [39]. In particular, when the vortex shedding frequency 
f=StU/D, where St is the Strouhal number, is close to a natural frequency of the riser the lock-in can 
occurs characterized by large amplitude resonance response. To note that due to the vortex shedding 
process the added mass can change in time therefore, the lock-in can occur at frequencies that are 
different to those predicted in calm water condition. Moreover, added damping increases with 
increasing amplitude of oscillation moderating VIV amplitude [39]. 

After more than fifty years of research on this topic conducted theoretically, numerically and 
experimentally by means of laboratory and field tests [35,40], much is known about Vortex Induced 
Vibration (VIV) of short risers for which prediction methods are quite consolidated. On the contrary, 
the features of VIV in long flexible and slender risers remains not fully understood [41]. 

The main difference between risers characterized by a low aspect ratio compared to long 
risers is the possibility for the latter to exhibit multimodal response. In fact, long slender cylinders 
are exposed to shear or other non-uniform flows across the length, so that different modes can be 
simultaneously excited at different locations in three dimensions. Thus, under a non-uniform flow, 
different modes can be involved in the lock-in response. As reported in [41], experimental tests 
shown that, for long slender cylinders in a shear flow, the response during the lock-in is not 
stationary, often presents non-lock-in behaviour or can alternate from the lock-in to the non-lock-in 
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form. In the case of non-lock-in response the spectrum exhibits a peak at the shedding frequency but 
with a broader bandwidth encompassing the nearest natural frequencies. The total root mean square 
(RMS) responses in the non-lock-in case were remarkably lower than those in single mode lock-in 
cases. 

Another peculiarity of long slender cylinder is the coexistence of standing and travelling 
waves and the combination of the two. For short riser the standing wave behaviour is the dominant 
mode. On the contrary, when a travelling wave reaches the riser ends the reflection generates a 
standing wave which however attenuate very quickly with the distance from the end. Therefore, a 
mixed standing-travelling mode is simultaneously observed but since standing wave quickly 
disappears the response of very long risers is generally characterized by travelling waves only. 
Strain measurements shown that the peak is in the travelling wave region instead of close to the riser 
ends i.e. in the standing wave region. 

Moreover, when the ratio between the natural frequencies of the IL and CF excited modes is 
equal to the excitation frequency ratio i.e. the ratio of the IL excitation frequency to the CF, the IL 
and CF motions resonate simultaneously. Some experiments have shown that dual resonance is 
characterized by highly repeatable orbits, a steady phase difference between IL and CF vibrations, 
and a high to third harmonic in the lift force. 

Model scale tests are a valuable tool to understand the physics of the problem even if suffer 
of some limitations related to the complexity of the experimental setup, to the relatively small aspect 
ratio with respect to the full scale problem and to the impossibility to reproduce the real flow 
conditions (Reynolds number and current profile). On the other side, full scale tests are expensive 
extremely complex and test condition cannot be under control as a consequence, full scale data are 
almost absent. 

The hydrodynamic loads are modelled using: 
• Semi empirical methods based on simplified expression and hydrodynamic coefficient (lift, 

drag added mass and damping etc.) databases collected from many experimental tests 
generally performed on rigid cylinders; 

• low order methods such as the powerful wake oscillator model that represents the time 
varying forces generated by the wake using the nonlinear Van der pol oscillator [42,43]. A 
general characteristic common to all wake oscillator models is the choice of a representative 
wake quantity. However, differences exist in the assumed mechanisms through which this 
variable is coupled with the body motion [44]. The original Kernel of the Van der pol 
oscillator has been reinterpreted to represent the 3D wake effect. In this case oscillators are 
distributed along the spanwise extent of the structures. These models can capture at least 
qualitatively the main features of VIV [45]. 

• CFD simulations based on Direct Numerical Simulations (DNS), Reynolds Averaged Navier 
Stokes (RANS), Large Eddy Simulations (LES), Detached Eddy Simulations (DES) and 
Discrete Vortex Method (DVM). The obvious limitation is related to the computational time 
needed at high Re. 

These models are coupled with structural models that , depending on the simplifications 
made, can be simply spring-mass systems or a continuous system usually modelled as an Euler 
Bernoulli beam which response is calculated by FEM most likely in the time domain to account for 
nonlinearities. 

In 2005 Chaplin et al. [46] proposed a benchmark study to test the validity of different codes 
and methods (5 semiempirical codes, 5 CFD codes and 1 wake oscillator model) at evaluating the IL 
and CF response of a 13 m riser in a stepped current, comparing the results to strain measurements 
performed  in a flume. The analysis shown that CF motion is better predicted by semiempirical 
codes than by CFD whereas the wake oscillator model gives very conservative results. None of the 
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semiempirical codes were able to calculate the IL curvature and CFD results are affected by a large 
error.  

VIV control is traditionally performed by passive methods such as fairings and strakes and 
more recently by active strategies by controlling the displacement of the riser ends. Both methods 
have large shortcomings, strakes to be efficacy should cover a large part of the riser surface, which is 
a very expensive operation on the contrary, active control is not efficacy as far as depth increases. A 
hybrid control with active systems at different locations, reducing the density of strakes could be the 
best strategy. 

5 CONCLUDING REMARKS 

In this paper some open challenges for structural dynamics in the field of maritime transportation, 
offshore engineering and marine robotics have been presented. All the analysed problems involve a 
strong fluid structural coupling that is usually nonlinear. Some common numerical and experimental 
modelling gaps can be identified: 

• the characteristics of the structure-fluid interaction are not completely understood;  
• the analysis of the hydroelastic interaction using full numerical approaches (CFD-CSD) is 

still unfeasible or not enough robust and efficient: there is a strong need for mathematical 
models; 

• model scale tests are not always able to provide useful information for the full-scale problem 
because it is not possible to replicate the real conditions with the related uncertainty and/or 
because scaling laws are not available; 

• full scale tests are extremely complex and expensive and test conditions are not controllable. 
 
On the other side, some common research trends emerged: 

• the development and application of multidisciplinary optimization algorithms that are 
fundamental to provide innovative and enhanced design solutions;  

• the implementation of nondeterministic analyses to account for flow and structural 
uncertainties; 

• the use of the characteristics of the structural-fluid coupling to develop different and 
nonstandard control strategies based on flow, structural or hybrid control; 

• the use of innovative smart materials; 
• the design of new research facilities, innovative model scale experimental setup and full-

scale experimental campaigns. 
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ABSTRACT

The comparison between different structural models for the analyses of a composite rotating plate is
discussed in this work. The mathematical methodology, that is based on the one-dimensional (1D)
Carrera Unified Formulation, enables to express the governing equations and related finite element
arrays as independent of the theory approximation order. The main objective is to demonstrate
that CUF-based models, although they are 1D, can provide efficient and accurate results, both in
terms of vibration analysis and 3D stress states characterization. Particular attention is focused on
composite laminated materials, which are well combined with the proposed formulation to study
the effect of the stacking sequence on mode aberration of rotating plates and shells.
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1 INTRODUCTION

Composite materials are replacing titanium in the manufacture of fan blades due their higher
strength and stiffness, at the same density, which leads to an important weight reduction. Moreover
composite blades are subjected to lower centrifugal loads and stresses due to less mass translation.
For this reason the interest in this types of blades is growing, making necessary new studies about
their static and dynamic behavior in different conditions. Representing thin walled blades as a beam
in highly inaccurate because the classical beam models cannot foresee many 3D effects which oc-
cur due to rotation. Leissa et al. [1, 2] overcome this problem analyzing thin blades by means of
shell formulations and they were the first to analyze the vibrations characteristics of rotating struc-
tures by the same method. The present work, which makes use of the Carrera Unified Formulation
(CUF), which is a hierarchical formulation of theories of structures, wants to highlight the effect
of the theory approximation order on the vibration characteristics of composite rotating plates and
shells.
CUF for one-dimensional elements (1D) expresses the displacement field uT = [ux uy uz] as an ar-
bitrary expansions of cross-sectional functions Fτ (x, z) and the generalized displacements uτ (y, t),
which lay along the beam axis y. If the finite element method is adopted, the generalized displace-
ments are approximated using the shape functions, Ni(y), and the vector of nodal displacement
qτi(t). Therefore the displacement field is being approximated as:

u = Fτ (x, z)Niqτi(t) τ = 1, ...,M i = 1, ..., Nnodes (1)
the number of elements nodes are Nnodes, τ is related to the expansion used for defining the cross-
sectional kinematics and its maximum value, M , is an input parameter of the analysis. Moreover
the parameter M defines the polynomial order for the Taylor-type models, named TEM . In case
of Lagrange-type CUF models (LE) the beam kinematics is obtained as combination of Lagrange
polynomials that are defined within sub-regions (or elements) delimited by arbitrary numbers of
points (or nodes).
In the case of rotating structures, the virtual work done by the inertial forces, FI , is:

δLine =

∫
V

δuTFI dV (2)

Velocities u̇ and accelerations ü are expressed with respect to a coordinate reference frame attached
to the blade that rotates at constant speed Ω. Accordingly, the inertial forces are:

FI = −ρ

(
üx
üy
üz

)
− 2ρΩ

(−u̇y
u̇x
0

)
+ ρΩ2

(
ux
uy
0

)
+ ρΩ2

(
xe
ye
0

)
(3)

The vector r = [xe, ye, 0] defines the distance of a generic point with respect to the rotational axis.
By substituting Equation (3) into Equation (2), the fundamental nuclei of the mass Mijτs, Coriolis
Gijτs, centrifugal Kijτs matrices, and the centrifugal forces vector Fjs

Ω can be obtained with ease
[1]. The natural frequencies (ω) and eigenvectors (ū) associated with small-amplitude vibrations
are obtained by assuming an harmonic solutions (u = ūe

√
−1ωt) for the following homogeneous

equation that is solved through the state-space transformation technique:

Mü + Gu̇ + (K0 + Ω2Kσ + KΩ)u = 0 (4)
where K0 and Kσ are respectively the stiffness and the geometric stiffness matrices. is CUF has
been widely employed in the recent literature for the analysis of composite structures [2]; Filippi
et al. [1] studied natural frequencies an isotropic cantilever fan blades, via CUF formulation, with
a linear and nonlinear approach. In this work, a number of representative examples are studied,
including two- and three-layer composite rotating shells. Free vibration analysis are performed and
the influence of the rotation speed on the modal characteristics are highlited.

2 NUMERICAL RESULTS

For the purposes of determining the difference between the TEM models with different polynomial
orders, M , and LE models, a curved shell was considered. The geometrical features are described
in Figure 1, where L = b = 30,5 cm, t = L/100 and Rx = 2b. Different lamination configurations
were analyzed to show the effect of the structure anisotropy (material properties are shown in Table
1).

2
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Figure 1. Sketch of fan blades

Graphite/epoxy
EL Ez GLz νLz νxz ρ
GPa GPa GPa a a Kg/m3

181 10.3 7.17 0.28 0.33 1600

Table 1. Material properties

2.1 Natural frequencies and modal shapes

Histograms in Figure 2 show difference in terms of natural frequencies between the various models,
considering the same modal shapes among the first six modes of the structure (modes with out-of-
scale frequencies are not completely displayed in the histograms). Comparing the results with the
reference case LE9, only TE5 and TE6 models provide similar frequencies and comparable modal
shapes. Frequencies for TE4 models are slightly different and in some cases there are no modal
shapes to compare. For TE3, a satisfactory degree of accuracy is found only for the first computed
frequency, which is always the first torsional one, but comparing the modes at higher frequencies
shows a greater discrepancy between the values of the frequencies. The poor accuracy of models
TE1 and TE2 is evident, even for low frequency modes. Furthermore, the computed modes similar
to those of more refined models are lower in number, highlighting the poor ability of these models
to describe the correct behavior of the structure. Finally, EULE and FSDT models are able to com-
pute natural frequencies of only bending modes with an acceptable accuracy.
Differences between configurations with various fibers lamination angles have been studied through
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Figure 2: Comparison of the frequencies between Taylor-type and Lagrange-type models at differ-
ent fibers lamination angles

the MAC analysis. MAC values have been plotted in graphic matrices shown in Figure 3. They
show a low similarity between the various modal shapes for the different configurations, in most
cases the MAC value is very different from the unit. Figure 4 show the six frequencies as func-
tions of the rotational speed computed using Lagrange model. To enable the comparison with the
results presented in Reference [1], the circular frequencies (ω) and the speed have been reported in
nondimensional forms such that ω∗n = ωn(

√
12ρL4(1 − ν2)/Et2) and Ω∗ = Ω/ω1, where ω1 is the

natural frequency.

3
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Figure 5. Modal shapes for LE9 model for [45◦/− 45◦/45◦] configuration

3 CONCLUSIONS

Vibration analysis and mode aberration of a rotating composite shell have been discussed in this
paper. For this purpose, the 1D Carrera Unified Formulation (CUF) has been used succesfully.
According to CUF, the governing equations can be tuned opportunely according to the problem
complexity and the available computer power. We have demonstrated that fundamental modes can
be foreseen by simple lower-order CUF models. Instead, shell-like and higher-frequancy modes
request for a more refined analysis, e.g. LE, especially when high anisotropic lamination sequences
are employed.
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ABSTRACT

Throughout the increasing ambition to optimize a mechanical system in respect to its weight and
efficiency to match environmental requirements, the systems tend to be more sensitive to vibrations.
These cause undesired audible noise, which can be countered by implementing passive components
such as dampers. These on the other hand lead to a decrease in efficiency and an increase in mass.
Mechatronic systems open up a new design space, which have the potential to partially resolve the
compromise between efficiency, weight and the noise-vibration-harshness (NVH) behaviour. How-
ever, this potential also comprises several challenges, which have to be mastered. Three different
topics will be addressed in this talk.

The first one is the active vibration control of narrow banded vibrations, where two systems
are discussed. The first system is an active piezoelectric bearing where the actuators are placed in
the load path. Piezoelectric actuators are well suited for this task because of their high stiffness.
Classic control algorithms can be applied to achieve a decent vibration reduction. However, un-
der consideration of system knowledge, control algorithms can be designed which show a better
performance than the classic approaches without requiring a model. The second system is a plan-
etary gearbox where piezoelectric inertial mass actuators are used to reduce vibrations. A model
free control is implemented which can only be implemented with the knowledge of the excitation
behaviour.

The second challenge focuses on jerking in powertrains of pure electric and hybrid electric
vehicles with two electric motors. The use of two electric motors offers a broad variety of oper-
ational modes, which allows an efficient operation of each motor. For high comfort gear shifts
without interruption of traction force, torque blending between the two electric motors is neces-
sary. If the torque at the driveshaft is not kept constant, jerking occurs which is uncomfortable for
the vehicle passengers. The minimization of unpleasant jerking throughout control of the electric
motors is the second topic to be addressed.

Third, new arising methods throughout digitalization, which may lead to a transformation
of classic mechatronics, are discussed. That is done with the example application of hybrid dy-
namic system modelling approach where traditional physical modelling is used in combination
with machine learning algorithms. From our perspective, the additional usage of available system
knowledge in these hybrid models will outerperform models which are solely based on big data
approaches. That is because synergies between both worlds are used in such way, that the overall
system performance is improved.
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1 INTRODUCTION

Industrial applications offer a broad variety of mechanical structures and requirements. Lightweight
structures move more and more in the focus because of rising CO2 requirements. The reduction
of mass yields a more efficient system but worsens the noise-vibration-harshness (NVH) behaviour
because the structures become more sensitive to vibrations. Passive measures might be taken to im-
prove the NVH behaviour, but they will also increase the mass and reduce the efficiency. Mecha-
tronic systems open a new design space and offer a big potential. They can reduce vibrations
efficiently and improve the system dynamics. However, these systems are associated with higher
overall costs. Thus there is always a conflict between efficiency, costs and the NVH behaviour.
Several challenges have to be mastered in order to obtain a well designed mechatronic system.
Standard approaches can yield good results for a broad range of applications but take much effort
to be implemented. Whereas, system specific solutions might require less effort and still score
better results than the standard approaches. This paper presents a short summary of the research
results of the Institute for Mechatronic Systems in Mechanical Engineering of the TU Darmstadt.
The focus of this paper lies on the use of system knowledge to design an efficient system which
might not be obtained by standard approaches. The paper is organised as followed. First, the active
control of rotors with piezoelectric bearings and of planetary gearboxes with piezoelectric inertial
mass actuators will be presented. Afterwards, the control of jerking in drivetrains will be discussed.
Last, a hybrid modelling approach comprising machine learning is discussed.

2 ACTIVE VIBRATION CONTROL OF NARROW-BAND VIBRATION

Many technical applications comprise rotary machinery, where vibrations are often caused by gear
meshing and unbalance excitation. The resulting noise can be attenuated by the application of
a passive system or the use of an active system. Actuators in combination with a suited control
algorithm are implemented in the latter case. In most cases, standard control algorithms like robust
H∞ and optimal LQR control are used for controller design, which requires a model of the system.
Thus, the application of the control system often presuppose expert knowledge in the modelling of
systems and control theory.

Two examples will be shown where a complex modelling and control design process is
prevented by the consideration of system knowledge. The first step of applying an active control
system is the placement of the actuator, where two general options are available. The actuators can
be either placed within the load path or outside of it. One application for each approach is given in
the following two sections.

2.1 Active bearings for rotors

Active bearings are one example for a placement of the actuator within the load path. These aim
to reduce vibrations directly at the source by, for example, active balancing of the rotor. The two
most common implementations of active bearings are active magnetic bearing and piezoelectric
bearings, where the first one is the most popular one. Piezoelectric bearings can bear higher loads
than magnetic bearings and show a good fail save behaviour because of their high passive stiffness.
Figure 1 shows two different active piezoelectric bearings. The piezos are linked to a ball bear-
ing and are preloaded by prestressing springs. Force sensors are located directly under the piezo
actuators to achieve an approximately collocated force measurement.

Many different control algorithms have been implemented on these two test-rigs. First,
model free approaches such as PD-feedback [1], PDT1-feedback [2] and integral force feedback
(IFF) [3], which is equal to a PT1-feedback, have been implemented for vibration reduction and
isolation. All these controllers use the advantage of the collocation of the actuators and force sensor,
which results in a stable system because of the maximum phase lag of 180◦. To further increase
the vibration attenuation, model-based approaches have been implemented. Using finite element
models of the rotor systems, standard control algorithms such as LQR/LQG [4, 5], µ-synthesis [6]
and gain scheduled H∞ [7], see Figure 2, have been implemented in order to reduce the bearing
forces for vibration isolation. Those algorithms show a good performance but need high effort to
be implemented.

The consideration of the system excitation and collocation of actuator and sensor can be
used to implement a controller which shows a better performance than the standard algorithms.
The main excitation of the rotor is caused by its unbalance. Thus, if the rotor speed is known, the
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Figure 1: Picture of a active piezoelectric bearing for a scaled jet trubine engine (right) with two
active planes and one of an elastic rotor test-rig (left). The active bearing is comprised of a ball
bearing, piezoelectric actuators, prestressing springs and force sensors.

frequency of the excitation is given as well. Instead of designing a controller for a broad frequency
range, a controller which focuses on the unbalance excitation can be implemented. The most
popular algorithm in this category is the filtered-x least mean squares (FxLMS) algorithm. This
one is an adaptive feedforward algorithm which uses a reference oscillator to achieve a theoretically
perfect vibration reduction. In addition, a broadband feedback control for the remaining transient
vibrations is needed. Lindeborn [8] combines the FxLMS and IFF to reduce the displacement and
bearing force individually in different time periods.

However, the FxLMS still requires a simple non-parametric model of the frequency re-
sponse function between actuator and sensor, which can be discarded in case of a collocated sys-
tem. Heindel [9, 10] developed an algorithm which is a combination of an adaptive feedforward
control and integral force feedback and does not require a model of the system. He proofed that
the algorithm is always stable in the time continuous domain. Figure 3 shows the bearing forces of
a run-up with the algorithm of Heindel [9]. It can be seen that the model-free approach achieves
better results than the standard model-based controller from Becker, see Figure 2. Thus, the system
knowledge, which in this case is the collocation of actuator and sensor as well as the rotor speed,
can be used to implement a more efficient controller in comparison to standard approaches.

The active bearing system takes full advantage of the collocation property of force sensor
and actuator. In case of systems where this is not possible, other approaches have to be used. The
following section presents such a system, whereas the actuators are no longer placed in the load
path.

Figure 2: Results of Beckers gain-scheduled H∞ controller [7] during a rotor run-up. Shown are
the bearing forces of the active bearing.
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Figure 3: Results of Heindels controller [9] during a rotor run-up. Shown are the bearing forces of
the active bearing.

2.2 Active control for planetary gearboxes

Planetary gearboxes, which for example can be found in drivetrains, excite the surrounding struc-
ture, causing vibrations. The resulting noise can for example be reduced with helical gears, which
on the other hand reduces the overall efficiency of the system, or by increasing the mass of the
gears, which leads to higher material costs and a less efficient design. Thus, there is always a con-
flict between NVH behaviour, efficiency and the system costs. The application of a active vibration
system has the potential to partially resolve this conflict because it is able to reduce the vibration
efficiently. The challenge of the implementation in case of the presented system lies within the
complex excitation of the planetary gearbox, which causes vibrations at high frequencies, here
4 kHz, and distributed over a broad range of frequencies.

Figure 4 (left) shows the used active vibration system which uses piezoelectric inertial mass
actuators. These are especially suited for high frequencies, whereas they perform badly at low fre-
quencies. They can be mounted anywhere outside of the load path and thus offer a high flexibility.
The design is simpler in comparison to the one of active bearings. However, the excitation spec-
trum of planetary gearboxes is more sophisticated. The spectrum comprises multiple frequencies
distributed over a broad range instead of a single frequency. The analysation of the excitation is the
first crucial step towards the design of an efficient controller without using the standard approaches.
Even though the frequencies are distributed over a broad range, they still show a dependency to the
gearbox output rotor speed. Plöger [12] describes the distribution an determines that the frequen-
cies are always natural multiples of the output rotor speed, see Figure 4 (right). Furthermore, the

Figure 4: Left: Active vibration system with asynchronous motor (1), metal bellow couplings (2,4),
planetary gearbox (3), eddy current break (5), triaxial force sensors (6), accelerometers (7), gearbox
mount (8) and piezoelectric inertial mass actuators (9).
Right: Vibration reduction results by Zech [11]. The numbers indicate the multiple of the ring gear
speed, the grey line the passive system, the blue line the amplitudes after using the FxLMS with a
model and the orange line after applying the simultaneous equation algorithm.
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largest amplitudes are measured close by the nominal gear meshing frequency, which is equal to
the output rotor speed times the number of teeth on the ring gear, which is 84 for the planetary
gearbox depicted in Figure 4.

Thus, the excitation frequencies are known if the output speed of the gearbox is known
and an adaptive feedforward control which focuses on the narrow banded spectrum can be imple-
mented. A feedback control is not necessary because the system shows relative high damping. The
implementation of a model-free feedback control would not be possible anyway since the sensor
and actuator are not collocated and phase lags greater than 180◦ occur. The FxLMS requires a
model of the system in this case and thus is not suited for this task if a model free approach is
desired. The simultaneous equation algorithm on the other hand is well suited for this task. It
uses a combination of a test signal and order tracking to estimate the frequency transfer function
between actuator and sensor. This approach is analogous to passive balancing of rotors where test
masses are placed on the rotor to determine the actual unbalance of the rotor. The performance of
the active vibration system from Zech [11] is depicted in Figure 4 (right) along with the results of
a model based FxLMS control. The model-free algorithm shows a comparable performance as the
FxLMS. Throughout the consideration of the excitation properties it was possible to implement a
model-free controller which shows a good performance.

3 ACTIVE CONTROL FOR DRIVETRAINS

The electrification of vehicle propulsion systems is an important approach towards meeting the
increasing legal requirements for reducing energy consumption and CO2 emissions. Therefore,
a large number of electrified drives are developed with the aim of achieving high efficiency and
high comfort at low costs. Thereby, investigations indicate that multi-speed electric powertrains
show potential for increasing efficiency and thus for reducing electrical energy consumption [13].
The Institute for Mechatronic Systems in Mechanical Engineering at TU Darmstadt pursues the
idea of modular electric and hybrid multi-speed powertrains with two electric motors (EM) and
a transmission consisting of two subtransmissions (e.g. [14]), which, amongst others, are inves-
tigated in the publicly funded projects called Doppel-E-Antrieb (e.g. [15]), Speed2E (e.g. [16]),
Speed4E (e.g.[17]) and DE-REX (e.g. [18, 19]). Instead of developing each component of the
powertrain and its functions separately, the approach of a consequent functional integration of the
mechatronic system is applied: for example, the electric motors provide transmissions functionality
like synchronization of speeds, typically performed by friction-based synchronizer rings, or torque
blending for gear shifts, usually done with friction clutches.

Basic requirements for the acceptance of electric multi-speed transmissions are comfort and
fast gear shifts. For a high shift comfort, oscillations of the drive shaft torque should be avoided,
since these oscillations lead to unpleasant low-frequency longitudinal vibrations of the vehicle ac-
celeration called jerk. In order to model the dynamic behavior of the powertrain regarding jerking,
typically a two-mass-oscillator is used. As shown in Figure 5, the inertia of the powertrain consist-
ing of the electric motors and the transmission is reduced to a single rotating mass ΘPT. The second
mass ΘV represents the mass of the vehicle. The flexible drive shaft is modelled as a spring-damper
combination and connects the two masses [20].

In case of driving with two electric motors, the torque of the powertrain TPT can be ex-
pressed as the sum of the torques of each electric motor times the respective gear ratio of the sub-
transmission. Since the shifting elements in the subtransmissions are form-locking dog clutches,

TPT

ΘPT

CDS

dDS

ΘV

TDR

φPT φV

Indices:

PT: Powertrain

DS: Drive shaft

V: Vehicle

DR: Driving resistance

Figure 5: Two-mass-oscillator for modeling the powertrain dynamics with regard to vehicle jerk
[20].
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Figure 6: Schematic diagram illustrating the difference between uncompensated and compensated
torque blending phases (based on [20]).

the dog clutches have to be load-free while (dis-)engaging during gear shifts. Therefore, the torque
of one electric motor has to be ramped to zero and the second electric motor has to compensate the
torque reduction in order to maintain a continuous powertrain torque. With regard to the gear shift
comfort, it is of great importance that no drive shaft oscillations are induced as far as possible by
changes in the powertrain torque which would directly lead to unpleasant jerking.

With regard to the control of the powertrain, this poses, among others, the challenge of
optimum torque blending between the electric motors. Thereby, a distinction can be made between
compensated and uncompensated torque changes like schematically shown in Figure 6 [20]. In case
of perfect blending of a compensated torque change, the blending phase can be performed very fast,
since the drive shaft torque remains constant and no oscillations are excited. In real applications,
even in case of fully compensated torque changes, the shortening of blending time is limited by the
dynamic behaviour of the electric motors and furthermore, oscillations can occur due to inaccuracy
of the control of the electric motors.

Fully compensated torque blending can be realized, for example, while upshifting at partial
vehicle load. If the torque blending is applied in an optimum manner, the gear shift is not noticeable
for the driver and the duration of the torque blending phase and of the total gear shift is of minor
importance. Investigations with test persons as part of driving tests confirmed the high shifting
comfort in the DE-REX demonstrator vehicle [19].

For upshifts at high power acceleration maneuver, the powertrain torque cannot be main-
tained constant, because of the limitation of the maximum torque of the remaining electric motor.
Therefore, the drive shaft torque is uncompensated in some extend. The change in the drive shaft
torque induces oscillations resulting in vehicle jerking. Thus, the torque-blending phase in uncom-
pensated gear shifts is of high relevance for the shift comfort. On the one hand, it is desirable, for
example for performance reasons, that the duration of the gear shift is as short as possible. On the
other hand, a sudden change of the powertrain torque would excite intense oscillations of the drive
shaft torque, which in turn would lead to vehicle jerk. In the course of [21] different approaches for
torque blending were investigated. For example, the shape of torque blending can be implemented
as a ramp or can be filtered with a PT1 transfer function. If the dynamic behavior of the powertrain
model is known, the excitation of oscillations can be lowered by tuning the gradient of the ramp ac-
cording to the eigenfrequency of the two-mass-oscillator (note: the reduced mass of the powertrain
depends on the selected mode and therefore, the gradient of the ramp has to be adjusted based on
the actual driving mode) [20]. This enables the vibration behavior of the powertrain to be improved
by knowing and taking into account the dynamic behavior of the mechatronic system. The second
variant of the shaping the torque blending is implemented with a PT1 filtering of the torque of the
electric motors. Figure 7 shows the results for an entire high power upshift with torque blending
in PT1 matter measured in the DE-REX demonstrator vehicle. As introduced before, the torque re-
duction of EM1 in the torque-blending phase (highlighted in grey) cannot by fully compensated by
EM2, since the torque limit of EM2 is reached (100 Nm). Therefore, the resulting vehicle acceler-
ation decreases. Due to the uncompensated torque blending, oscillations in the vehicle acceleration
are excited. Even if the vehicle acceleration oscillations indicate a possibly uncomfortable gear
shift, the objective evaluation of the gear shift is in the same range than for conventional automatic
or dual-clutch transmissions [19]. Furthermore, the gear shift comfort can be further improved by
different approaches like active control of the drive shaft torque (so called “Anti-Jerk-Control”) or a
short time high overloading of the electric motors. With the high overloading of the electric motor
during the gear shift, it would be possible to fully compensate the torque reduction. Therefore, it is
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Figure 7: High power upshift in the DE-REX demonstrator vehicle with umcompensated torque
blending [22].

possible to optimize both the gear shift comfort and the gear shift time.
The investigations concerning the gear shift comfort with simplified electrified multi-speed

transmission in the DE-REX vehicle show that the mechatronic approach of functional integration
helps to reduce the mechanical complexity (and at the same time the costs) (e.g. [19]) and increases
the efficiency by smart control of future electrified powertrain systems.

4 NEW METHODS THROUGH ARTIFICIAL INTELLIGENCE IN MECHATRONICS

Classically, the development process of mechatronic systems incorporates building a dynamic sim-
ulation model, mapping the system inputs to the outputs. These models are generally based on first
principles which are describing the physical system behaviour. Grey-box approaches are often used
in vehicle modelling which combine theoretical knowledge in form of differential equations and ex-
perimental data to identify the free model parameters [23], see Figure 8. However, the performance
of these approaches relies on a correct description of non-linear physical phenomena which is often
complex or even impossible. Halfmann [24] introduced the so-called Hybrid Modelling approach
where the basic physical phenomena are described throughout grey-box modelling and the com-
plex system behaviour, which is not covered by differential equations, is for example described
by a neural network. Despite the promising benefits of such an approach in mechatronic system
modelling, it has not been thoroughly used until today. Whereas, it has recently been applied in
other domains, especially chemical engineering [25–27].

theoretical quantitativ

models

white-box

models
- experimental models
- artificial neural networks

black-box

models
qualitative models with

experiments

dark-grey-box

models
theoretical models with

experimentes 

light-grey-box
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- quantitative
- mechanical

theoretical

models
- qualitative
- empirical

experimental
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 use prior system knowledge 

combination of theoretical
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Figure 8: Whilst grey-box models combine theoretical and experimental models in one modelling
approach, hybrid models form as a combination of theoretical and experimental models. Here both
modelling approaches coexist. [24]
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Figure 9: The parallel hybrid grey-box model contains both, a theoretical model containing prior
system knowledge and an artificial neural network for learning complex and non-linear phenomena.

Within this paper we show a possible application for such modelling in an inverse vehicle
longitudinal model. In our case, the appropriate traction force to realise a given trajectory for feed-
forward control shall be derived. Here, a parallel architecture is applied where physical equations
are used in parallel to a neural network as depicted in Figure 9. Thus, the output of the theoretical
model in form of inverse differential equations is corrected by an Artificial Neural Network (ANN).
Whilst the classic modelling approach cannot cover arbitrary non-linearities from complex physical
phenomena, the neural network is capable of learning these in a supervised learning setting. In a
wider context that property also facilitates the application of model-based approaches in conjunc-
tion with controllers or observers showing high potential for further system dynamics improvement.
Today, a detailed knowledge about the physical system phenomena in form of first principles is nec-
essary to apply these approaches which is often not available or expensive. Through the application
of Artificial Intelligence (e.g ANN) data-based system knowledge can be used to achieve highly
capable models in these domains.

For that, the implemented learning algorithm must be able to learn from temporal informa-
tion. That can be done through different approaches. The most basic idea is a Time Delay Network
(TDN) where the network input will not only use the current time step, but also gets n prior time
steps [28]. More recently developed applications often use Long Short Term Memory (LSTM) net-
works which belong to the class of recurrent neural networks [29]. With the help of an internal cell
state and numerous gates for information flow control, this approach is capable of learning long
term dependencies within datasets.

To train the neural network in order to correct a theoretical model, training data has to be
generated. Basically, this can easily be done throughout running the theoretical model without any
corrective feedback and then using the resulting data pairs from input torque and output state of
the powertrain for training. Here, a typical but significant problem arises. For training a neural
network in supervised learning, the training examples must span across the entire latter input space
to learn the correct behaviour. However, this is generally not the case if the data is solely generated
in the described way. Therefore, an exploration strategy shall be developed to explore the entire
state space while generating data. That could be done throughout random exploration, in analogy
to reinforcement learning, or theoretical system knowledge, for example by solving an optimal
control problem offline.

We think, that using prior system knowledge in machine learning enhanced modelling pro-
cesses is the key for the success of machine learning in mechatronics. By that, the overall system
level performance and the robustness of training will be improved. In further steps, the neural net-
work may not only be trained within the development process but also later during operation of the
system. In that way, an adaptive system is created which is able to react on changes in the system
properties without sacrificing system level performance.

5 SUMMARY AND CONCLUSION

This paper has given an rough overview on some of the research topics of the Institute for Mecha-
tronic Systems in Mechanical Engineering at TU Darmstadt. All four different presented mecha-
tronic systems are united by the approach of embedding system knowledge into the design. This
approach offers the possibility of a better performing system and may require even less effort to
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be implemented in comparison to standard design approaches. From our perspective it is essential
to incorporate the system knowledge into the design process to establish an efficient mechatronic
application which can improve the system dynamics and partially overcome the conflict between
costs, efficiency and NVH behaviour.
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ABSTRACT

This paper presents an overview of the physical assumptions of the theory of statistical energy
analysis. We discuss the concepts of high frequency, random excitation, diffuse field, weak coupling,
and energy transfer within the framework of thermodynamics. We show that only few conditions
are absolutely required in statistical energy analysis. These are diffuse field in all subsystems and
weak coupling between any pair of subsystems. Example and counter-examples are presented.
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1 INTRODUCTION

Statistical energy analysis [1] is a statistical theory of sound and vibration in the same way that
it exists a statistical mechanics, statistical electromagnetism, statistical physics. The basic idea is
quite simple. If a mechanical system submitted to sound and vibration is sufficiently disordered,
the vibrational energy behaves like heat and thus, follows the law of classical thermodynamics [2].
This includes the second law of thermodynamics [3–5].

But the large number of assumptions mentioned in the literature may sometimes puzzle
those who discover the theory [6, 7].

In this paper, we review some of the assumptions of statistical energy analysis. And with
examples and counter-examples, we show that the only requirements are the a diffuse field is es-
tablished in all subsystems and that all couplings between subsystems are weak.

2 THERMODYNAMICS OF SOUND AND VIBRATION

In statistical energy analysis, the vibration is supposed to be random. So, the vibrational energy Ei

of subsystem i and the power Pij exchanged between subsystems i and j must be understood as
mathematical expectations of the actual quantities. When sources are ergodic, we may replace the
word expectation by time-averages. Remark that ergodicity of stochastic processes is not strictly
speaking a required assumption but just a condition favourable in practice.

The main result of statistical energy analysis is the so-called coupling power proportionality.
The power exchanged between subsystems is proportional to the difference of modal energies

Pij = βij

(
Ei

Ni

− Ej

Nj

)
(1)

where Ni is the number of resonant modes of subsystem i (modes whose natural frequency is
within the frequency band of excitation). The proportionality coefficient βij depends only on the
mechanical properties of adjacent subsystems but not on their levels of energy. It is analogous to a
heat conduction factor [8].

This law of exchange of energy is exactly Clausius’ law in thermodynamics. Its validity
is easy to understand. 1) Each subsystem must be in thermal equilibrium, the temperature being
the same at all points of the subsystem. This justifies the assumption of vibrational diffuse field
(equivalent to uniform temperature). 2) The exchange of heat must be light in order to not disturb
the local equilibrium. We speak of linear non-equilibrium thermodynamics. This justifies the
condition of weak coupling.

3 DIFFUSE FIELD

A diffuse field is a vibrational field which is random, homogeneous and isotropic. In particular the
vibrational energy is uniformly distributed in the subsystem. The easiest way to get a diffuse field
is to apply a so-called rain-on-the-roof excitation on the system. The system is uniformly excited
with random sources which are δ-correlated in space and time. With a rain-on-the-roof excitation,
the vibrational field is always diffuse irrespective of its geometry or level of damping.

Figure 1. Ray propagation in various billards.
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When the source is a point force, the situation is more delicate. It depends on the geomet-
rical properties of the subsystem. In figure 1 is shown the path of a unique ray in various billiards.
We can see that rays propagating in a circle do not explore the entire billiard. In a rectangle they
pass through all points but do not take all directions. And in a Bunimovich stadium, they explore
the entire phase space. Ergodicity of billiard is therefore a favourable condition to ensure a diffuse
field and therefore a good application of statistical energy analysis [9].

4 WEAK COUPLING

Weak coupling may easily be introduced as the ratio of exchanged energy and dissipated energy.
This ratio, called Smith’s criterion [10], must be low. In figure 2, we see the transition from weak
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Figure 2: Comparison of the heat conduction factor β predicted by SEA with that observed by a
direct numerical simulation versus coupling strength.

to strong coupling in a system made of three coupled plates with additional mass-spring resonators.
We observe that when the coupling strength is low, we have a fine agreement between statistical
energy analysis and result of the direct numerical simulation. But when the coupling is strong, the
disagreement may become very important and can even lead to an inversion of the flow of energy
in the worst case [11].

5 VALIDITY DIAGRAM

The range of application of statistical energy analysis is a subdomain of the space of parame-
ters. For a plate in bending vibration, we have six parameters, length, width, thickness, Young’s
modulus, Poisson’s ratio, damping loss factor. A dimensional analysis by application of Vaschy-
Buckingham theorem shows that it exists only 4 dimensionless parameters and mainly two if we
discard Poisson’s ratio and the shape factor. We may propose the damping loss factor η and a di-
mensionless wavenumber κ (or equivalently a dimensionless frequency). It is therefore possible to
plot the domain of validity of statistical energy analysis in the η, κ-plane [12].
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Figure 3: Validity diagram of statistical energy analysis in the η, κ-plane [13]. Lines of isovalue of
spatial fluctuations of vibrational energy (0.5 means a standard deviation of 50%).

Figure 3 has been plotted by solving the governing a thin rectangular plates excited by a
random transverse force and checking the diffuseness of the obtained vibrational field. Of course
the domain of validity of the wave approach is the entire plate (if we ignore the quantum limit at very
high frequency). The domain of application of geometrical acoustics is simply the domain of short
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wavelengths. And finally, we observe that the domain of application of statistical energy analysis is
a subdomain of geometrical acoustics for which the wavelength is short AND the damping is light.

We thus observe the importance of the damping loss factor. A strong damping implies
a rapid decreasing of the energy of rays during their propagation. Therefore, they cannot mix
efficiently the vibrational energy with a large number of reflections [14].

6 CONCLUDING REMARKS

In conclusion, if statistical energy analysis is sometimes criticized for its difficulty to be applied
in practice, this is largely to a lack of understanding of its basic assumptions. Statistical is a true
theory of physics which provides reliable prediction provided that it is applied within its range of
application.
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ABSTRACT

Most engineering applications involving solutions by numerical methods are dependent on several
parameters, whose impact on the solution may significantly vary from one to the other. At times,
an evaluation of these multivariate solutions may be required at the expense of a prohibitively
high computational cost. In the present work, a multivariate finite element approach is proposed,
allowing for a fast evaluation of parametric responses. It is based on the construction of a reduced
basis spanning a subspace able to capture rough variations of the response. The method consists in
an extension of the Well-Conditioned Asymptotic Waveform Evaluation (WCAWE) to multivariate
problems, by an appropriate choice of derivative sequences, and a selection of the most relevant
basis components. It is validated and demonstrated for its potential on a semi-industrial sized 3D
application involving coupled poroelastic and internal acoustic domains.
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1 INTRODUCTION

In order to limit the high computational burden associated with the evaluation of multivariate Fi-
nite Element (FE) solutions, an approach based on a Reduced-Order-Model (ROM), derived after
a univariate moment-matching method, is proposed. This univariate method, namely the Well-
Conditioned Asymptotic Waveform Evaluation (WCAWE) method, proposed by Slone et al. [1], is
shown to allow for a robust generation of basis components with good convergence properties of
the associated reduced systems [1–3]. It relies on a sequence of successive derivatives of the system
of interest, leading to multiple Right-Hand-Side (RHS) problems to be solved sequentially, with in-
termediate orthonormalization steps and correction terms ensuring the robustness of the procedure
and the good conditioning of the resulting transformation matrix. This univariate basis generation
procedure may be extended to a multivariate procedure. However, the cost associated with the
orthonormalization and correction steps, may lead to a computationally prohibitive cost, particu-
larly as the dimension of the variable space increases [3]. Additionally, not all cross-derivative
terms may contribute significantly to the convergence of the ROM, and it may be critical to be
able to reduce them to a minimum. In this contribution, an effort is made to bring the WCAWE
to multivariate problems, starting with a bivariate illustration, and attempting to limit the trans-
formation bases to a minimum in view of higher dimensionality applications. The foundation for
a multi-interval strategy is also presented in view of the reconstruction of wide parametric ranges.
The approach is shown to benefit from the superior robustness of the WCAWE compared to the
so-called component-wise Padé approximants [3–6], previously used to derive the Nested Padé
approximant method [7, 8].

2 THE WCAWE, A MOMENT-MATCHING, PROJECTION-BASED ROM

2.1 Generic multivariate problem and associated transformation

The starting point of the WCAWE-based parametric sweep is given by a linear system of the fol-
lowing form,

Z(x)U(x) = F(x), (1)

where x may be a vector of Nx independent variables corresponding to the parametric problem of
interest, e.g. including the angular frequency ω, material parameters, ... For the original univariate
case [1], the vector reduces to a scalar such that x = [x]. In an FE problem, Z(x), U(x), and
F(x) respectively represent the system matrix of the discretized problem, the solution vector and
the vector of externally applied loads.

The projection-based approach relies on the construction of a transformation basis emerging
from successive derivatives of the solution vector in Eq. (1) at a specific point x0 in the parameter
space. The WCAWE algorithm provides a robust generation of this sequence of successive deriv-
atives. The resulting well-conditioned transformation matrix VN, consisting of N orthonormalized
basis vectors, allows for a robust, non-stagnating convergence upon increasing the size of the sub-
space spanned. The associated approximation of the solution in Eq. (1), to the order N, and the
associated reduced system corresponding to Eq. (1), are such that

ÛN(x) = VN α(x) ≈ U(x), and VN
TZ(x)VNα(x) = VN

TF(x), (2)

α being a vector of N generalized coordinates.

2.2 A multivariate WCAWE basis generation procedure

Adapting the WCAWE algorithm from univariate problems to multivariate ones lies in the genera-
tion of sequences of RHS vectors, emerging from sequences of iteratively differentiated matrices Z(k),
the exponent k standing here for the total order of differentiation regardless of the associated dif-
ferentiation variables. The choice adopted here is to generate such sequences independently, thus
generating a set of NV bases

{
V1

N, · · · ,V
NV
N

}
associated with NV sequences of iteratively differenti-

ated matrices Z(k). These bases, in principle all of the same size N, each consist of orthonormalized
basis vectors, but these are naturally not mutually orthonormalized from one to the next basis. A
simple way to ensure this, as well as to reduce the basis to a minimum number of basis vectors is
to proceed to a compression, or a component selection, via a Singular Value Decomposition (SVD)
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Figure 1: Illustration of three possible bivariate derivation paths for the system matrix Z up to the
”cumulated order” k = (m+ n).
of the merged set of bases. Either way, the initial step consists in an SVD of the merged basis after
concatenation, Vmer

N =
[
V1

N · · ·V
NV
N

]
, resulting in Vmer

N =
∑Nmer

i=1 σiw
l
iw

r
i
T , where Nmer corresponds

to the total number of basis vectors in Vmer
N , i.e. Nmer = N · NV; σi, wl

i, and wr
i correspond to the

singular values, left and right singular vectors respectively.
Assuming a descending-ordered sequence of singular values (σ1 · · ·σNmer), the reduced,

merged basis V∗ is subsequently obtained such that V∗ =
{
wl

i | i ∈ (1,Nmer) ∧ σi ≥ σthresh
}

,
where σthresh corresponds to the empirically chosen threshold value for the selection of the singular
values resulting from the decomposition.

The resulting reduced basis V∗, consisting of NV∗ vectors, is then used in place of the
univariate transformations corresponding to Eq. (2), in order to solve a reduced set of equations at
most involving Nmer DOFs.

2.3 Sequences of multivariate differentiation, and multi-interval strategy

The sequential WCAWE procedure above depends on the generation of sequences of differentiated
system matrices to successive ”cumulated multivariate orders” k, i.e. Z(k). For the bivariate case,
these differentiation paths may be represented in a matrix form, see Fig. 1.

The matrix sequences obtained from these differentiation paths of the system matrix sub-
sequently feed the WCAWE algorithm [1, 10]. The rationale behind choosing a limited number of
derivation paths is connected to the potential inefficiency resulting from the attempt to calculate all
multivariate derivatives for a given set of maximum orders. In practice, it is estimated that a num-
ber of sequences of the order of the dimensionality of the multivariate problem may be sufficient in
order to provide good convergence properties of the ROM. For instance, 2 sequences may be suffi-
cient for a bivariate problem, which addresses in part the issue of dimensionality and the associated
efficiency of the approach: the number of successive derivatives necessary may grow linearly with
the dimensionality as opposed to an exponential growth if all cross-derivatives are calculated in a
fully multivariate approach.

When the solution over a large parametric space is to be approximated, several smaller bases
associated with their interval of approximation may become more efficient than building a large
basis leading to larger, fully-populated reduced system. This multi-interval strategy is implemented
using a combination of error-estimation, contour following algorithm in order to determine the
bounds of convergence for each interval, and a sequential multi-interval reconstruction over the full
parametric space.

3 APPLICATION TO A BIVARIATE PROBLEM

The proposed multivariate approach is tested on an average-sized problem consisting of the interior
cavity of a passenger train (around 300000 acoustic pressure DOFs), treated with a 15-cm layer of
sound absorbing porous material on the top surface, and excited by a time-harmonic point source
at a corner of the cavity. The porous boundary is modelled by an equivalent fluid formulation, such
that the resulting FE problem has the general form(

Ka −
ω2

c20
Ma + Kp −

ω2

c̃p
2Mp

)
Ũ = F, with c̃p =

c0√
1− iΦ
ρ0ω

(3)

where �a correspond to air cavity global matrices, and �p to porous global matrices. Ũ is the
vector of nodal unknowns (acoustic pressure fluctuation here). The problem thus depends on two

3
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(a) (b)

Figure 2: Solution approximation by the multi-interval, bivariate WCAWE. SPL at a single point,
in dB. (a) Solution approximation; (b) Approximation error (dB difference to reference solution).

chosen parameters of interest: the angular frequency ω and the static flow resistivity in the porous
material Φ.

Fig. 2 the approximation of the reference solution together with the associated difference
between the two solutions. As may be seen for this conservative approximation based on 15 inter-
vals associated with very small bases (below 20 components), the approximation is excellent (well
below 0.1 dB difference) for a fraction of the cost associated with the reference problem.
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for Numerical Methods in Engineering, 100(9):689–710, 2014.
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ABSTRACT

Bloch theory is broadly used to determine local wave dispersion characteristics of periodic
media, which are key vibroacoustic indicators in a number of research fields such as metama-
terials. Nonetheless, numerical frameworks based on Bloch theory, such as the Wave Finite El-
ement method, can also be used to compute the dynamic response of large-scaled waveguides’
assemblies. This formalism was used to tackle a variety of problems such as damage local-
ization, material identification or vibroacoustic optimization of periodic media. The focus of
this work is therefore to review and generalize the wave-finite element framework, as a tool for
exploring wave dispersion, scattering or dynamic response in piecewise periodic structures.
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1 INTRODUCTION

The need to de-carbonize our economy has led to an urgent strive for lightweight alternatives to
various structural components used in the transportation industry. Combined with increasingly
challenging acoustic comfort and safety EU regulations, the compromise between enhanced vi-
broacoustic performances and lightweight design is often achieved at the cost of an increased
topological and material complexity. In the mid-frequency range (generally the low-medium au-
dible bandwidth), this complexity involves a variety dynamic behaviors which may co-exist at
different scales (e.g. see. [1]) In terms of modeling, this can be tackled by using refined finite el-
ement descriptions of these structures. Therefore, tremendous progresses had to be made on the
acoustic modeling and optimization of complex metamaterials and meta-structures, which are
generally relying on model order reduction schemes or the introduction of relevant yet simple vi-
broacoustic indicators. Noteworthy, most of these indicators (e.g. transmission loss, dispersion
curves, scattering coefficients) have the remarkable advantage of being retrieved from a single
unit-cell model by exploiting multi-scale or periodic structure theories (see [2, 3]). For acoustic
applications, one can mention the succession of works [4–8] only to cite a few dedicated to re-
trieve the sound transmission loss of periodic waveguides. Although it is now possible to design
and produce meta-structures with desirable vibroacoustic performances within targeted band-
widths, these components still rarely appear among the most critical parts of a structure. Most
metamaterials are therefore considered as ”add-ons” to an existing structure whose integrity is
guaranteed or monitored using state-of-the-art inspection techniques. A further embedding of
lightweight meta-structures in the design process of critical transportation components will un-
deniably raise the following question: can we achieve the structural health monitoring of such
complex structures?

In the presence of variable or uncertain boundary conditions, wave-based inspection
techniques can prove efficient to perform damage inspection on specific regions of a waveguide.
Periodic structure theory can also help to compute the dynamic response, hence provides an
efficient numerical framework for modeling large-scaled slender structures such as pipes, ducts,
blades, etc. The so-called ”Wave Finite Element” method have been used in a variety of contexts
relevant to SHM/NDE applications. Kessentini et al. [9] used the diffusion matrix method along
with the WFE framework to study the transmission and reflection of acoustic waves in ducts.
Mitrou et al. [10] investigated the scattering produced by infinite plates’ junctions using the
same method. Gras et al. [11] extended a formulation for railways with periodic supports and
several applications were proposed to compute the forced response and scattering matrices of
two waveguides connected by a junction, an external load or a damage/delamination [12]. An
overview of the Bloch modeling framework is therefore proposed in this work.

2 METHOD AND RESULTS

The above formalism was implemented in many ways, including various edges or boundary
conditions, the coupling of two waveguides with a middle junction or external loads. First, we
propose an overview of Bloch modeling framework for 1D structures with recent developments
on resolution techniques. Our aim is then to present a simple formalism addressing a wide range
of possible waveguide configurations, where Bloch theory can be used to reduce considerably
the modeling and computational efforts. Note that in many cases, a structure can be decomposed
into a combination of periodic parts, separated by joints, coupling and loading regions, so that
it can eventually be described as a piecewise periodic structure. The displacement u at any
unit-cell position p of a N -cell waveguide section can be expressed using the following Bloch
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expansion:

up =
n∑

i=1

λpi Ψ
+
i Q

+
i + λN−p

i Ψ−
i Q

−
i , (1)

where Q+
i and Q−

i are the respective wave amplitudes while the n positive Ψ+
i and negative Ψ−

i

eigenvectors and the propagation constants λi are solution of the quadratic eigenvalue problem
Eq.(2), which is function of the unit-cell’s dynamic stiffness sub-matrices Dab:(

1

λi
DRL + (DLL + DRR) + λiDRL

)
Ψi = 0. (2)

A simple validation is shown in Figure 1. The structure is made of four different regions
name ’A’, ’B’, ’C’, and ’D’, while four loads are applied, including a load splitting the region
’B’ in two. The framework provides good results although some numerical issues have to be
discussed.

A A A A B B B B B B B B B B C C C C C D
1 1 2 2 2 2 2 2 2 2

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Frequency (Hz) 104

10-8

10-6

|u
0(

)|

Piecewise periodic framework
FEM validation

Figure 1. Forced response of a piece-wise periodic structure with irregular punctual loads

3 PERSPECTIVES

The framework is generalized and applied to various examples relevant to SHM and in a context
damage scattering analysis.
A typical case scenario is shown in
Figure 2, where different FE models
of structural damages can be con-
sidered in a large-scaled duct whose
periodicity is of equivalent or higher
dimension that those considered
damages or defects. Note that this
reduced models can be efficiently
used for sub-structuring purposes,
while different ’damages’ can be
analyzed with remarkable computa-
tional efficiency (i.e. 2-4 orders of
magnitude compared with FEM).

Figure 2. Scattering of Bloch waves in a periodic
waveguide.
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ABSTRACT

The mechanical structures are subjected to ambient and internal vibrations, which could be ex-
ploited to produce energy by using suitable transducers, enabling the conversion of mechanical
energy into electrical energy. The energy produced in these cases can be stored and used in
low-energy consuming applications for which autonomy is a priority regardless of the external
conditions in which these structures are located. This energy harvesting approach is suitable to
small-scale smart systems such as wireless sensor networks or portable embedded systems for var-
ious applications such as monitoring, diagnosis and control in the fields of urban transport, aero-
nautics, biomedical, environment and so on. Vibration Energy Harvesters (VEHs) are generally
designed and optimized for frequencies that correspond to those of the excitation. These resonators
possess low damping, which causes a great loss of the harvested electrical power as soon as a
slight deviation of the excitation frequency from the resonant one occurs. To overcome this is-
sue, it has been shown that nonlinearities or modal interactions significantly improve the frequency
bandwidth or the harvested power. We will here focus on how these properties have opened the way
towards nonlinear multimodal approaches for vibration energy harvesting and more specifically on
the functionalization of nonlinearities and structural quasiperiodicity in order to take advantage
of both mode localization and multistability. Interestingly, these phenomena induce a substantial
widening of the useful frequency bandwidth and increase the harvested power, which has been
highlighted thanks to the design and experimental characterization of a nonlinear electromagnetic
VEH based on nearly identical coupled resonators.
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ABSTRACT

The analysis of large amplitude vibrations of thin-walled cracked structures build as plate assem-
bly is considered in this study. The problem is addressed via a Ritz approach, called X-Ritz, based
on the first order shear deformation theory and von Kármán’s geometric nonlinearity assumptions.
The trial functions are expressed as series of regular orthogonal polynomial products supplemented
with special functions able to represent the crack behaviour; boundary functions are used to guar-
antee the fulfillment of the kinematic boundary conditions. Results are presented, which illustrate
the influence of cracks on the stiffening effect due to large amplitude vibrations.
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1 INTRODUCTION

Analysis tools able to predict the effects of cracks on the plate dynamics may help prevent unde-
sired effect and improve structural design towards enhanced safety. Many studies focused on the
linear vibration analysis of both isotropic and composite structures, providing for a comprehensive
knowledge of the plate dynamic behaviour and design guidelines. However, for an accurate ap-
praisal of structural dynamics, in some applications the nonlinear free vibration problem needs to
be investigated, which for cracked configurations has been poorly addressed especially for com-
posite structures. In the present paper, the large amplitude free vibrations of cracked composite
structures are studied based on an eXtended Ritz approach, dubbed as X-Ritz, recently proposed
by the author and his co-workers [1–3].

2 FORMULATION

Let us consider a thin-walled structure consisting of the assembly of composite, multilayered,
quadrilateral plates joined along their edges, see Fig. 1(a). Each constituent plate can present
an embedded through-the-thickness crack. The k-th plate of such a structure is modeled by the
first-order shear deformation theory [4]. Assuming that the von Kármán’s strain-displacements
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Figure 1. Thin-walled structure configuration and reference systems

equations, the constitutive equations and the kinematical boundary conditions are verified, the free
vibrations governing equations can be deduced from the stationarity of the total energy (potential
and kinetic) providing that the joining conditions along the contiguous plates edges are fulfilled.
In the framework of variational calculus, this statement can be implemented by augmenting the
expression of the total energy of the structure with the plates joining equations via the penalty
technique, obtaining a functional Π whose free stationarity with respect to the generalized dis-
placements provides the problem governing equations. Details on the functional definition and
expression can be found in Ref. [3].

The solution of the non linear vibration problem of cracked plates is obtained by a Ritz
approach, called X–Ritz, that approximates the generalized displacements via suitable defined en-
riched trial functions able to describe the crack opening and the crack tip fields [1, 3]. With ref-
erence to Figs. 1(b) and 1(c), the plate generalized displacement component χ is expressed as

2
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χ = fχ(ξ, η)
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(1)

where Lj(ζ) is the j–th order Legendre polynomial of the coordinate ζ and the Cχ〈i〉mn are the
unknown coefficients. The functions fχ(ξ, η) and gχ(ξ, η) are suitably defined to guarantee the
fulfillment of the kinematical boundary conditions [5]. Details on the characteristics of these trial
functions can be found in Refs. [1, 6]. Here, it is remarked that: (i) the first series in Eq. (1)
considers regular functions able to describe the global plate behaviour; (ii) the other series consist
of terms able to describe the crack opening and the singular fields at the crack tips. Their starting
index mχ governs the asymptotic behaviour at the crack tips, and it is chosen assuming that the
strain energy density asymptotically behaves as r−1 when r → 0 [7]; (iii) the trial function defined
in Eq. (1) holds also for uncracked plates when only the first series is retained.

By using the above discussed generalized displacements, the discretized form of the func-
tional Π is obtained. Applying the standard calculus of variations and assuming harmonic motion
the nonlinear free vibration governing equations are deduced as [1, 3][

K +KNL (X)− ω2M
]
X = 0 (2)

where ω is the natural frequency, X is the vector collecting the unknown Ritz coefficients. The
definition of the matrices involved in Eq. (2) can be recovered from Refs. [2, 3]. The Eq. (2)
identifies a nonlinear eigenvalue problem, whose solution can be achieved iteratively for a fixed
amplitude of the eigenvectors.

3 RESULTS

To show the effectiveness of the method for composite structures nonlinear free vibration analysis,
representative results are presented for the rectangular simply-supported blade stiffened composite
panel shown in Fig. 2. The following geometrical parameters have been set: b = 0.70 m, ` =
0.28 m, h = 0.02 m, a = 0.14 m and β = 0◦. Layups for the skin and blades are [0/45/− 45/0]S
and [(0/45/ − 45/0)S]3, respectively, with 0.15 mm thick layers whose material properties are
E1 = 113 GPa, E2 = 9 GPa, ν12 = 0.302, G12 = G13 = G23 = 3.82 GPa. Analyses were
performed by considering the panel composed by 7 plates: one plate for each bay skin and one
plate for each blade stringer. The employed approximation scheme uses polynomials with order up
to the eighth and enrichment contributions with N

〈j〉
χ = 4. Fig. 3 shows the backbone curves of

the nonlinear to linear frequency ratio of the first mode versus the vibration amplitude for both the
uncracked and cracked configurations. The stiffening effect of large amplitude on free vibrations is
clearly observed with a tendency to a saturation effect, which is more pronounced for the uncracked
panel.
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4 CONCLUDING REMARKS

The X-Ritz method has been proposed for the analysis of nonlinear free vibrations of cracked
composite structures. The presented results show the capacity of the approach to describe the
effects of large amplitude on the natural frequency, confirming the potentiality of the method.
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ABSTRACT

In this study, we develop the high-frequency energy method called the radiative energy transfer
method (RETM ) for orthotropic media. For homogeneous orthotropic media, the energy velocity
vector has an amplitude which depends on the ray direction. First, the kernel functions of energy
density and energy flow vector are given. The derivation shows that the kernel functions not only
depend on the distance but also the angle from source to receiver. Second, a boundary integral
equation is set for energy inside the domain. For a finite orthotropic media, the fictitious sources
on the boundary are determined by the energy balance. Simulations are performed for a high
frequency vibrating rectangular orthotropic plate. Results of energy density distribution and energy
flow field show the correctness of the model by comparing with the traditional modal superposition
solution.
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1 INTRODUCTION

In the past few decades, various energetic methods have been developed to alternate Statistical En-
ergy Analysis (SEA)[1] beyond its limits of application. One of them called Energy Finite Element
Method (EFEM) or Power Flow Analysis (PFA) [2] uses the same variables as in SEA: energy and
energy flow and is based on an equation similar to the heat conduction equation. However, for 2D
system, the solution of EFEM indicates that the energy density decreases likeW ∝ exp(−ηωr)/

√
r

in opposition with W ∝ exp(−ηωr)/r for the exact result where r is the source-receiver distance,
η the damping loss factor and ω the circular frequency [3]. To solve this problem, Alain Le Bot
[4, 5] proposed a high-frequency energy theory called radiosity method [6, 7] or the radiative energy
transfer method (RETM) which provides the exact energy density distribution.

Considering the widely application of the composite materials, the energy methods have
been developed for anisotropic composites in recent years except for RETM. For instance, Renjin
[8] and Park[9] have respectively extended SEA and PFA to composites. This paper proposes to
develop RETM for homogeneous orthotropic media aiming application to anisotropic composites.
Finally, we perform a numerical illustration which provides the energy density distribution and the
energy flow field of a typical orthotropic plate.

2 THEORETICAL FORMULATION

This formulation involves two energy variables which are the energy density W and the energy
flow vector I. The group velocity cg(ϕ) is a vector which depends on the ray direction angle ϕ
from source to receiver. In homogeneous and anisotropic media, rays follows straight lines as it
can be verified by Fermat’s principle[10]. To establish the energy model, four basic assumptions are
required: (H1) linear, homogeneous system in steady-state conditions under broadband excitation
centered on ω, (H2) evanescent waves and near-field are neglected, (H3) interferences between
propagative waves are ignored, (H4) the directivity of fictitious reflection sources on the boundary
obeys Lambert’s law.

Let us start with the local power balance for an unloaded region,

∇ ·H(r, ϕ) + ηωG(r, ϕ) = 0 (1)

where r = |M − S| the distance from source S to receiver M , G(r, ϕ) the kernel function of
energy density, H(r, ϕ) the kernel function of energy flow vector and m(ϕ) = ηω/cg(ϕ) the wave
attenuation coefficient. For pure propagating waves

H(r, ϕ) = cg(ϕ)G(r, ϕ) (2)

Substituting (2) into (1), we obtain the kernel functions

G(r, ϕ) =
cg(ϕ)

C

e−m(ϕ)r

r
, H(r, ϕ) =

c2
g(ϕ)

C

e−m(ϕ)r

r
u(ϕ), and C =

∫ 2π

0

c2
g(ϕ)dϕ (3)

where u(ϕ) = (cosϕ, sinϕ) is the unit vector from source to receiver.
To establish the fields W and I for a system which contains multiple traveling waves sub-

mitted to reflection on boundaries, two principle must be applied. Firstly, the interferences between
propagative waves are neglected. Therefore, the total energy density at a receiver obeys the linear
superposition principle. Secondly, according to Huygens principle, the wave field is determined by
superposition of the direct fields created by the real sources inside Ω and fictitious sources on the
boundary ∂Ω. This reads

W (M) =

∫
Ω

ρ(S)G(r, ϕ)dS +

∫
∂Ω

σ(P ) cos(u, n)G(r, ϕ)dP (4)

I(M) =

∫
Ω

ρ(S)H(r, ϕ)dS +

∫
∂Ω

σ(P ) cos(u, n)H(r, ϕ)dP (5)
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where ρ and σ are respectively the magnitudes of the real and the fictitious sources and n is the unit
outward normal at point P on boundary ∂Ω. The presence of cos(u, n), cosine of emission angle at
P is justified by Lambert’s law.

To determine the fictitious sources, the power balance at the boundary ∂Ω is considered.
Assuming that no power is absorbed by the boundary, the power reflects by the boundary obeys
Lambert’s law. Then, the balance equation is

σ(P )

Cβ
=

[∫
Ω

ρ(S)H(r, ϕ)dΩ +

∫
Γ

σ(P ′) cos(u, n′)H(r, ϕ)dP ′
]

n (P ′ 6= P ) (6)

where n′ is the unit outward normal at point P ′, Cβ =
∫ π/2
−π/2 c

2
g(β+θ)cosθdθ, β is defined the angle

between the outward normal and the principal axes and θ is the angle between the emitted ray and
the outward normal.

Table 1. Parameter numerical values of the orthotropic plate.

Parameter a b Mm Dx Dy νx νy
Units m m kg/m2 N ·m N ·m - -
Value 1 1 12.4 8 160 0.4 0.02

 

Figure 1: Energy response level of a rectangular orthotropic plate under a harmonic excitation
(f = 8000Hz, η=0.1, ref=1× 1012J/m2).

Eq. (6) is a Fredholm equation of second type. Solving it by classical numerical methods
gives the magnitude of the fictitious sources σ(P ). With Eqs. (4) and (5), the energy densityW (M)
and energy flow I(M) are then obtained.

3 SIMULATION RESULTS AND DISCUSSION

The simulations are performed on an orthotropic plate under a high-frequency harmonic point load
with the unit force amplitude located at the center of the plate. The exact energy density and energy
flow field calculated here are based on the formulas shown in [9]. physical properties of the plate
are shown in Table 1 where a and b are the length and width, Mm the mass per unit area, νx and νy
Poisson’s ratios, Dx and Dy the principal bending stiffnesses of the material. We assume that the
principal axes of the orthotropic material are co-linear with the global Cartesian coordinates.

The group velocity is cg(ϕ) = 2ω/[κΦ(ϕ)] where Φ(ϕ) = ( 4

√
Dy

Dx
cos2 ϕ + 4

√
Dx

Dy
sin2 ϕ)0.5

and κ = (Mmω
2/
√
DxDy)

0.25. The energy density level simulated by RETM well matches with
the modal superposition solution [11] as shown in Figure 1 when the excitation is centred on 8
kHz and the damping loss factor is η = 0.1. As shown in Figure 2 (b), the energy flow vector
(the blue line) and the wave front curve (the black dashed line) predicted by RETM ignored the
small oscillations visible on the reference solution. Compared with the exact solution, RETM
approximately evaluate the wave front curve and energy flow field of the high-frequency vibration
orthotropic plate.
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(a)  (b)  

Figure 2: Energy flow field I and corresponding group wave front curve (f = 8000Hz, η=0.1): (a)
Modal superposition solution; (b) RETM.

3.1 Conclusion

This study extended the RETM to 2D homogeneous orthotropic media. Firstly, basic assumptions
for building the wave field are established. Secondly, the formulas of the RETM are derived by
taking all the assumptions. Finally, a series of simulations on a typical orthotropic plate show the
correction of the model. In general, the energy model presented in this paper ignores the small
oscillations of the local particles and predicts a smooth energy response of the high-frequency
vibrational 2D orthotropic media.
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ABSTRACT

A new simulation framework for the vibro-acoustic simulation of poro-elastic shells is presented.
The proposed methods can be used to investigate arbitrary curved layered panels, as well as their
interaction with the surrounding air. We employ a high order finite element method (FEM) for the
discretization of the shell structure. In order to discretize the fluid surrounding the structure, a
variational variant of the method of fundamental solutions (MFS) is developed. Thus, the meshing
of the fluid domain can be avoided and in the case of unbounded domains and the Sommerfeld
radiation condition is fulfilled. In order to simulate coupled fluid-structure interaction problems,
the FEM and the MFS are combined to a coupled method. In order to show the potential of the
method sound transmission from a cavity to an exterior half-spaces is simulated.
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1 INTRODUCTION

In order to reduce noise levels which are harmful for the human health, lightweight poro-elastic ma-
terials are often used in a wide range of applications. In the present paper, we develop a numerical
method for the simulation of the situation illustrated in Figure 1. We assume that the upper half-
space has a sound hard ground and is divided into an bounded interior domain and an unbounded
exterior domain by a laminated shell structure made of elastic and poro-elastic materials. Our main
focus is to develop a simulation method in order to calculate the sound transmission from the inte-
rior to the exterior domain. We describe poro-elastic materials with the dynamic Biot theory [1, 2].

Ωint

Ωext

∂Ω+

Ωs

sound hard ground

Figure 1: Problem setting: Sound hard ground surface ∂Ω+, interior fluid domain Ωint, exterior
fluid domain Ωext, shell structure Ωs

One main part of our work is the extension of the poro-elastic plate theory presented in [3], to the
present situation of poro-elastic layer-wise shells. The second contribution is the discretization and
numerical solution of the problem. We use the finite element method for the discretization of the
shell structure and a variational variant of the method of fundamental solutions for the discretization
of fluid domains. Both methods are coupled to achieve a monolithic simulation.

2 PORO-ELASTIC SHELL STRUCTURE

In this section, we describe a layer-wise theory for laminated poro-elastic shells. We consider
shell reference surfaces Ω̄ which are given parametrically by g : Ū ⊂ R2 → Ω̄ with given
parameter domain Ū . The tangent plane is spanned by the two covariant base vectors Gα := ∂g

∂θα
.

With the base vectors we can compute the unit normal vector n. The parametrization of the three-
dimensional shell volume Ω is given by

g : (Ū × T ) ⊂ R3 → Ω ⊂ R3

(θ1, θ2)× θ3 7→ g(θ1, θ2, θ3) = g(θ1, θ2) + θ3 n,
(1)

with the one-dimensional thickness interval T . We consider a layered shell structure with a layup
as depicted in Figure 2. The total number of layers is L. Each layer has a thickness ti, i = 1 . . . L

t1

1

. . .

ti

i

. . .

tL

L

reference surface

t0

Figure 2: Layup of the shell

and is classified as elastic or poro-elastic. The distance from the reference surface to the bottom
of the shell is denoted by t0. Furthermore, we define the individual layer thickness intervals Ti =[∑i−1

j=0 tj ,
∑i

j=0 tj

]
. Thus, T =

⋃L
i=1 Ti. The relations between the local thickness coordinate

τi ∈ [0, 1] of layer i and the global thickness coordinate θ3 ∈ Ti are

τi(θ
3) =

1

ti

(
θ3 −

i−1∑
j=0

tj

)
, and θ3(τi) =

i−1∑
j=0

tj + ti τi . (2)
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The present layer-wise theory is based on the assumed seven-parameter displacement field for layer
` ∈ {1, . . . , L} of the form

u`(θ1, θ2, θ3) =
(1)

V (τ`(θ
3))

(1,`)
ui ei +

(2)

V (τ`(θ
3))

(2,`)
ui ei +

(n)

V (τ`(θ
3))

(n,`)
u n. (3)

The through-the-thickness functions are
(1)

V (τ) = 1 − τ,
(2)

V (τ) = τ,
(n)

V (τ) = τ 2 − τ . Furthermore,
(1,`)
u i,

2,`
u i,

(n,`)
u are seven local displacement parameters and ei are the base vectors of a Cartesian

coordinate system. Thus, the parameters
(1,`)
ui =

(1,`)
ui (θ1, θ2) and

(2,`)
ui =

(2,`)
ui (θ1, θ2) describe the

displacement of the bottom (τ = 0) and the top (τ = 1) of layer `, respectively. This is enhanced

with the parameter
(n,`)
ui =

(n,`)
ui (θ1, θ2). Following [3], the fluid pressure field in poro-elastic layers

is approximated by a quadratic expansion through-the-thickness. The pressure field for layer ` is
assumed to be of the form

p`(θ1, θ2, θ3) =
(1)

V (τ`(θ
3))

(1,`)
p +

(2)

V (τ`(θ
3))

(2,`)
p +

(n)

V (τ`(θ
3))

(n,`)
p , (4)

where
(1,`)
p =

(1,`)
p (θ1, θ2),

(2,`)
p =

(2,`)
p (θ1, θ2), and

(n,`)
p =

(n,`)
p (θ1, θ2) are three local parameters.

3 NUMERICAL METHODS

We use the finite element method to discretize the poro-elastic shell structure. Here, our implemen-
tation allows for hierarchical shape functions of arbitrary order. Fluid domains are discretized by
the method of fundamental solutions. This allows us to circumvent a volume parametrization of the
fluid domains and the Sommerfeld radiation condition is fulfilled identically. For further details we
refer to [4–6].

4 NUMERICAL EXAMPLE - DEFORMED SWEEP

We consider the problem geometry depicted in Figure 3. The shell structure is composed of an

Figure 3: Geometry of the deformed sweep problem

elastic aluminum layer (0.01 m) and a poro-elastic polyurethane layer (0.03 m). The poro-elastic
layer is in contact with the interior fluid. For the study of sound transmission from the interior to
the exterior, we use a 64-element mesh for the FEM and 372 MFS source points for the interior, as
well as for the exterior fluid. A source with unit strength for the excitation of the system is placed at
[0 m,−1 m, 0.5 m]. We consider an interior evaluation point [0 m, 1 m, 0.5 m] and an exterior eval-
uation point [0 m, 0 m, 1.5 m]. The results are given in Figure 4. We compare the cases uncoupled
MFS, aluminum shell and poro-elastic shell. The results for the cases uncoupled MFS and alu-
minum shell virtually agree. In the case of the uncoupled MFS, no dissipation occurs in the system
and the solution is infinite at the eigenfrequencies. In the case of aluminum shell a small structural
dissipation effect is present. This can be seen in Figure 4a, where the eigenfrequencies are damped.
However, we conclude that the compliance of the aluminum structure has only little influence on the
interior sound pressure field. Nevertheless, the effects of the dissipation introduced by virtue of the

3
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Figure 4: Comparison of the sound pressure levels

poro-elastic polyurethane layer are clearly visible, in particular for frequencies above f = 200 Hz.
The same conclusion is valid for the results at the exterior evaluation point [0 m, 0 m, 1.5 m]. The
sound pressure level determined at the exterior evaluation point [0 m, 0 m, 1.5 m] is plotted over the
frequency in Figure 4b. In the case of an rigid structure no transmission can occur. Therefore, this
case is not considered in Figure 4b. Again, the sound pressure level is significantly reduced in the
case poro-elastic shell compared to the case aluminum shell.

5 CONCLUSION

We have presented a new simulation framework for vibro-acoustic analysis. In particular, we
have treated the simulation of laminated poro-elastic shell structures and their interaction with
the surrounding fluid. In order to face this complicated situation, a layer-wise shell model has
been developed. The through-the-thickness variation of the displacement field is described by a
seven-parameter model, which is assumed in each layer. The pressure field occurring only in the
poro-elastic layers is described with a quadratic expansion through-the-thickness.

The numerical model consist of a FEM formulation for the shell and the MFS for the acous-
tic domains. Hence, the radiation condition is implicitly fulfilled by the MFS due to the usage of the
acoustic fundamental solutions. Contrary to most MFS solutions, here, the strength of the sources
for the field approximation are determined by a variational formulation. This has the advantage that
the need of collocation points is circumvented. The calculation of the sound transmission through
geometrically complicated layered shells structure has shown the suitability of the proposed ap-
proach.
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ABSTRACT

This paper is focused on the updating of aircraft structure computational model according to the 
results of ground vibration test. Subjected model is used for aeroelastic analyses, in particular for 
flutter analyses. First, the applicable approaches of flutter analyses are outlined. Next, the 
theoretical background of commonly used Bayesian parameter estimation technique of model 
updating is provided. After that, the methodology of model updating adjusted for aircraft 
structures is described. Finally, the methodology is demonstrated on the example of the 
twin-engine turboprop commuter aircraft for 19 passengers. Selected results are shown, 
evaluated and the conclusions are formulated.
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2

1 INTRODUCTION

Computational models must be validated according to experimental data. For aircraft aeroelastic 
model validation, the data of ground vibration test (GVT) are used. Stiffness parameters of 
structural models are adjusted in order to match FE-based modal parameters with the GVT-based 
modal parameters. Various applications of model updating are documented in references [1-3].
The approach using updating allows further modifications of the model and parametric studies;
therefore, it is applied mainly to more complex certification process of larger aircraft. Contrary to 
that, for general aviation aircraft, the approach of the direct usage of the GVT results for flutter 
analysis is usually employed [4].

2 THEORETICAL BACKGROUND

Model updating may be simply characterized as the problem of the structural optimization. For 
standard applications, the Bayesian Least Squares Method is commonly used. The objective 
function is defined as

��� = {∆�}�[��]{∆�} + {∆�}�[��]{∆�} (1)

This function can be described as the weighted sum of error in response modal 
parameters. Basic matrix equation of the iterative solution can be expressed as

{��} = {��} + [�]{−∆�} (2)

where {Pu} is the final vector of design variables, {P0} is the initial vector of design 

variables, {R} is design response change vector and [G] is gain matrix. Gain matrix is calculated
using one of these expressions (based on the number of design variables and design responses).

[�] = ([��] + [�]�[��][�])
��[�]�[��] (3)

[�] = [��]
��[�]�([��]

�� + [�][��]
��[�]�)�� (4)

where [WP] and [WR] are diagonal weight matrices for parameters and responses, 
respectively, and [S] is a sensitivity matrix expressed as

[�] = �
���

���
� (5)

where design responses are modal parameters, i.e. natural frequencies and mode shapes. 
Correlation in natural frequencies is given as relative error in natural frequency expressed as

��� = �
���� − ����

����
� (6)

and correlation in mode shapes is expressed using Modal Assurance Criterion.

���(��� 	,��� 		) =
|({���}�{���})|

�

�({���}�{���})({���}
�{���})�

(7)

Design variables are stiffness characteristics including bending and torsional stiffness of 
beam-like elements and spring constants of spring-like elements. The reason of this selection is 
the fact, that the stiffness data are less accurate and reliable, compare to the inertia data.

3 MODELS AND METHODOLOGY

Updating of an aircraft model is very complex problem as an aircraft structure is dynamically 
complicated system. The key issue is the appropriate selection of design parameters and design 
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3

responses and the appropriate strategy of updating. Therefore, good knowledge regarding the
structure dynamic behaviour, reliability and accuracy of the data and possible error sources is 
important.

FE model has a character of a stick model as shown in figure 1(a). In general, stick models 
are suitable for updating as the design space is not so large compare to detailed models and the 
relation between design variables and design responses is more direct. The model includes a 
single side only and appropriate (symmetric or antisymmetric) boundary condition at the plane of 
symmetry. Such models are ordinarily used for flutter analyses. 

GVT measurement points grid is reduced as shown in figure 1(b). It is important to use 
only the appropriate points for pairing and for calculation of MAC values. 

Figure 1. (a) structural (FEM) model, (b) grid of experimental points.

In the preparatory phase, mass of controls, tabs and of the complete aircraft are adjusted
according to weighing. Effective stiffness of tabs actuation is adjusted according to the static 
stiffness measurements. Finally, adjustment of node points of the engine pitch and yaw 
attachment according to the appropriate GVT modes is performed.

# Mode title f (Hz)

01 1st symmetric wing bending 3.759
02 Symmetric elevator flapping (fixed stick) 5.809
03 1st symmetric engine pitch 8.672
04 2nd symmetric wing bending 9.463
05 1st symmetric engine yaw 10.126
06 1st symmetric wing in-plane bending 11.678
07 1st symmetric tailplane bending 13.504
08 1st fuselage vertical bending 16.527
09 1st symmetric wing torsion 18.310
12 Symmetric aileron flapping 28.227
16 1st symmetric tailplane in-plane bending 42.990
19 1st symmetric tailplane torsion 59.289

Table 1. Selected GVT symmetric modes, baseline configuration.

GVT data usually include a single mass configuration (baseline) for which a complete 
measurement is performed. In addition, mass configurations varying in the fuel load, for which 
just wing modes are measured, are performed. For a conventional aircraft, one additional 
configuration is usually sufficient. For the unconventional concepts (e.g., wing with wing-tip tank, 
external pods, etc.), the number of additional configurations may be much higher. First, updating 
of the baseline mass configuration is performed. Next, the correlation of the updated model for 
other mass configurations with the corresponding GVT data is checked. In practice, the agreement 

Test Model

X

Y

Z
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4

of updated model is found satisfactory in the most cases; provided not, further updating to the 
modes of the appropriate mass configuration is performed. Optionally, the updating considering a
subset of major modes, contributing to specific flutter instability, is also applicable. 

4 APPLICATION EXAMPLE

As the example, updating of the symmetric model, baseline configuration, is presented here. GVT
results included 21 symmetric modes applicable for updating from which 12 modes were selected. 
The list of selected modes is shown in table 1.

Comparison of the initial and final pairing of modes is shown in figure 2. Figure 2(a)
demonstrates relative error in natural frequencies with the excellent result (the final errors are less 
than 3.3%). Figure 2(b) shows MAC values, also with the good result (all MAC values increased).

Figure 2. Comparison of initial and final state (a) frequency eror, (b) MAC values.

5 CONCLUDING REMARKS

This paper describes the updating of structural parameters of the aircraft structure FE model 
according to the results of the GVT. Methodology is demonstrated on the example of a 
twin-engine turboprop commuter aircraft for 19 passengers. After updating, modal parameters got 
much closer to the target GVT data, and therefore the updated models are prepared to the final 
phase of flutter calculations of the subjected aircraft.
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ABSTRACT

An investigation is carried out on alternative periodic designs of sandwich panels, for vibroacous-
tic purposes; a mechanically-linked double-wall panel and a rectangular core sandwich panel are
considered. The elastic bending waves’ propagation versus the acoustic wavenumbers is trimmed
using folded and corrugated core walls, trying to keep the same mass and compression stiffness of
the original configurations. Standard and proposed configurations are 3D-printed and the sound
transmission loss measurements carried out. The experimental evidence of reduced acoustic ra-
diation of the panels, in a large frequency band, is achieved with measurements on the printed
solutions.
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1 INTRODUCTION

In transport industry, the requirements for light and stiff structures often lead to sandwich structural
solutions. On the other hand, while a reduced mass is an advantage for fixed structural resistance, it
generally induces lower vibroacoustic performance. Therefore, the design of sandwich panels for
reduced acoustic radiation, has received more and more attention in the last decades [1–3].

Some authors tried to design the core geometry in order to optimize the sound transmission.
Palumbo et al. [4] proved experimentally the increase of vibroacoustic performance of honeycomb-
cored sandwich plates when periodical voids and recesses are included in the original geometry.
Hambric et al. [5] also proposed a design rule for honeycomb panels targeting a different bending
wave speed versus the acoustic one. Random truss-like core shapes where proposed in [6].

Within the present paper, two common configurations of sandwich panels are modified using
the periodic structure theory. The aim is to induce alterations of the bending wave propagation of
the panels versus frequency, keeping the same mass and, optionally, the same compression stiffness
as the original designs. The frequency band targeted is 600 Hz to 10 kHz, corresponding to the
measurements frequency range available for the facility used within this work.

2 CORRUGATED WALLS DESIGN

A standard mechanically-linked double-wall panel is investigated (Fig. 1a). It is 1.06 cm thick (total
thickness) and has a 1.0 cm spacing between consecutive stiffeners, in the periodicity direction (axis
x in Fig. 1). The thickness of the skins and core walls is 0.6 mm. A unit cell is illustrated in Fig.
1a.

Figure 1: Cell models extracted from: a) Double-Wall Panel with Mechanical link; b) Sandwich
Panel with rectangular core.

The modified design is characterised by a trapezoidal (top-view) shape of the stiffer (Fig.
1a). The same global thickness and stiffeners’ spacing as the classic double-wall panel is used; the
skins are 0.6 mm-thick and the core walls are 0.45 mm-thick, in order to keep the same mass of the
system. The idea of using such a geometrical shape comes from the usually low bending and shear
stiffness of this kind of panels in the direction normal to the stiffener envelope (axis x).

For the rectangular-cored panel, the initial design (Fig. 1b) has a total thickness of 1.06 cm
and a 1.0 cm spacing between consecutive stiffeners, in both directions (Fig. 1b). Both skins and
core-walls are 0.6 mm-thick. Similarly to the previous case, the modified design proposed here
is characterised by a trapezoidal (top-view) shape of the stiffener in one direction (axis y in Fig.
1b), while the rectilinear geometry is kept in the other direction. To keep the same mass, global
thickness and stiffeners spacing of the original system, the skins are 0.6 mm-thick and the core
walls are 0.36 mm-thick.

3 EXPERIMENTAL SET-UP

Using the method described in [7], the numerical dispersion curves and transmission loss are com-
puted and compared to chose the right design. Then, a CAD model is developed and the panels
3D- printed using a Stratasys Fortus 450mc. The material used is the ABS-M30 (Acrylonitrile
butadiene styrene): E = 1.8 GPa; ρ = 988 kg/m2; ν = 0.32.

2
18



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

Figure 2: Illustration of the test facility with un-coupled reverberant-anechoic rooms for transmis-
sion loss measurements.

The sound transmission measurements were performed in an un-coupled reverberant-anechoic
room as in Fig. 2. The reverberant room has volume of 2.50 x 1.40 x 1.75 m3 and reflective surfaces
are installed inside to increase the diffusiveness of the reverberant room; the calculated Schroeder
frequency (see [8]) is ≈ 600 kHz. The acoustic excitation is generated using four speakers installed
at the four top corners of the reverberant room, with an uncorrelated white noise input from 50 to
10 kHz.

The transmitted sound power is measured using a Bruel & Kjaer sound intensity probe with
two half-inch microphones and a 6.0 mm spacer. The incident sound power is obtained by the
sound pressure level measurements in the cabin room, averaged among four half-inch microphones
disposed as in Fig. 2. The anechoic conditions of the receiving room are simulated by covering
the room walls with absorbing layers, whose distance from the tested panel is larger than 2 m. The
sound transmission loss (TL) is finally calculated, assuming that the excited and radiating surfaces
are the same, as TL = Lp - Li - 6.18.; where Lp is the average pressure level measured in the
reverberant room, Li the average sound intensity level over the surface of the test-panels in the
semi-anechoic room, while the -6.18 factor arises from reference values in dB conversion [9].

3.1 Sound Transmission Loss Measurements

The 3D-printed panels are installed and clamped in the TL facility, as in Fig. 2. The expected
and real weights of the printed panels differ slightly and the measured transmission loss curves are
scaled to compare mass-normalised results.

In Fig. 3a, the measured sound transmission losses (mass-normalised) are compared for the
double-wall panel with mechanical link. While the total surface of the plates is 0.40 x 0.35 m2, the
exposed panel surface is 0.34 x 0.29 m2. The increase of sound transmission loss starts from 1.5
kHz and continues up to the end of the frequency band of interest.

Similarly, in Fig. 3b, the same trends are experimentally observed for the rectagular-cored
panel. The increase of sound transmission loss, as in the previous case, appears in a very large
frequency band that goes from 1 kHz to 10 kHz, at least, for a fixed mass of the panel.

4 CONCLUDING REMARKS

Two designs of two types of sandwich panels are analysed in terms of sound transmission loss. A
double-wall panel with mechanical links and a sandwich panel with rectangular core are consid-
ered. A new core design using corrugated core walls is proposed targeting the structural waves’
propagation versus the acoustic wavenumbers, for fixed mass of the system. The different config-
urations are 3D-printed and sound transmission loss measurements are carried out using a facility
with uncoupled reverberant and semi-anechoic configuration.

The experimental tests evidence an increased vibro-acoustic performance of the new de-
signs. Even keeping the same total mass of the panels, the sound transmission loss is increased in
a large frequency band that goes from ≈ 1.5 kHz to 10 kHz.
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Figure 3: Measured Transmission Loss (mass-normalised) for the 3D-printed panels. Total panel
surface: 0.40x0.35 m2. Exposed panel surface: 0.34x0.29 m2. a) Mechanically-linked double-wall
panels designs; b) Rectangular-cored sandwich panel designs.
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ABSTRACT

An inverse wavenumber identification tool is used to characterize the vibration behavior of a curved
thick composite sandwich shell. The bare structure is firstly studied and then equipped with spa-
tially distributed small-scale resonators, leading to a meta-structure. Experimental tests are con-
ducted under diffuse acoustic field and point mechanical excitations.
For each studied case, the effect of the industrially-oriented small-scale resonators is highlighted
using frequency and wavenumber analysis, showing general attenuation of the vibration level and
even band gaps occurrence. The complex wavenumber identification allows also estimating the
structural loss factor.
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(a) (b)

Figure 1: Curved structure coordinates system (a) and illustration of the coupled rooms (b)

1 INTRODUCTION

In the aerospace sector, curved shells and axial-symmetric structures are widely used. The identifi-
cation of the energy propagation, of the waves attenuation, with the related damping informations,
and of the waves dispersions characteristics are relevant aspects to fully describe the vibro-acoustic
behavior of a system [1]. In a wave propagation framework, for parameters identification a method
based on the wavenumber domain (k-space) analysis is introduced: the Inhomogeneous Wave Cor-
relation (IWC) method [2, 3]. This method allows the identification of the complex wavenumber
and of the damping loss factor in the broadband frequency range. In order to increase the waves
attenuation in certain frequency bands or to generate some band gaps, periodic adds-on and locally
resonant devices are widely used. Nateghi et al. [4] have discussed and experimentally validated
that by adding locally resonating structures to cylindrically curved panels and pipes, improved noise
and vibration behavior can be obtained in a targeted and tunable frequency band. This concept was
applied on an aircraft sidewall panel by Droz et al. [5] , improving the acoustic properties of the
panel in the ring frequency region. This work is fully devoted to the experimental identification
of the dispersion characteristics of a complex meta-structure, subjected to either a diffuse acoustic
field or a point mechanical excitations. The structure is firstly tested alone, and then with the ad-
dition of spatially-distributed small-scale resonators. The method used in this work is an extended
version of the IWC method [6].

2 IWC METHOD FORMULATION FOR CURVED STRUCTURES

The IWC method is here proposed in an extended version to complex curved structures, in presence
of periodic elements and small-scale resonators. This method makes a correlation between the
energy carried on by an inhomogeneous traveling wave and the total energy of the vibrational field.
From the notations and the coordinates system shown in Figure 1a, identifying with R the curvature
radius of the structure and with ϕ the angular coordinate, the following relationships can be derived:
y = R sinϕ ≈ Rϕ and kϕ = Rky, where a small value of the angle ϕ is assumed (this value is
strictly depended from the discretization resolution). The expression of the inhomogeneous wave
in this coordinate system is given by:

w̃kC,θ(x, ϕ) = e−ikC(θ)((x−x0) cos θ+(ϕ−ϕ0) sin θ), (1)

where θ is the angle of propagation and kC = k< + ik= is the complex wavenumber, which
contains both propagation and attenuation informations and (x0,ϕ0) is the location of the excitation
point. At each frequency f and for a given direction θ, the unknown complex wavenumber kC can
be identified as the location of the maximum of the normalized correlation function, denoting the
point where the measured signal ŵ correlates best with the inhomogeneous wave w̃kC,θ(x, ϕ):

I(kC, θ) =

∣∣∑N
j=1 ŵ(xj, ϕj) · w̃∗kC,θ(xj, ϕj)hjΩj

∣∣√∑N
j=1|ŵ(xj, ϕj)|2hjΩj ·

∑N
j=1|w̃kC,θ(xj, ϕj)|2hjΩj

, (2)

where N is the total number of points, hj is the coherence of the measured signal and Ωj

is the estimation of the punctual surface. The location of the maximum of the correlation function
I(kC, θ) gives the identified complex wavenumber in the specified direction.
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(a) (b)

Figure 2: Composite panel: bare (a) and distributed resonators (b) configurations.

3 EXPERIMENTAL SET-UP AND RESULTS DISCUSSION

The composite panel dimensions are 1.54 m x 1.62 m, with a curvature radius approximatively of
0.97 m and thickness equal to 27.5 mm. The panel was installed in the aperture between the coupled
reverberant-anechoic rooms of the GAUS (Groupe d’Acoustique de l’Université de Sherbrooke)
laboratory, at Université de Sherbrooke. The representative scheme of the coupled rooms is shown
in Figure 1b. The acoustic excitation was generated by a loudspeaker placed close to a corner of
the room, with a white noise signal input from 100 Hz to 3000 Hz. Concerning the mechanical
excitation, a Modal Shop Model 2025E shaker was installed in the reverberant room and attached
to the test structure using an impedance head, as shown in Figure2b; the excitation was generated
using a white noise signal from 100 Hz to 3000 Hz. The full vibrational field was measured using
a Polytec 3D Scanning Vibrometer (PSV-3D), installed in the anechoic room. The acquisition
window was approximatively of 1.2 m x 1.0 m, with a total number of 3111 measured points (mesh
grid of 61 x 51). A distributed pattern of 3D-printed small-scale resonators was then attached to the
panel and compared to the bare test case; the tuning frequency was chosen at 1000 Hz, resulting an
added mass around the 4%, for a total number of 246 resonators.
The bending dispersion curves for both configurations, with and without resonators, are shown in
Figure 3; they are computed in the two orthogonal directions, axial and circumferential. From the
estimation of the complex wavenumbers, a calculation of the damping loss factor is performed,
using the relationship between the real and the imaginary part: η = |k4=/k4<|. The damping loss
factor is then compared to the one estimated with the Power Input Method (PIM, [1]), as shown
in Figure 4; the damping loss factor is expressed as follows: ηf = Pf/ωEf , where Pf is the input
power and the Ef is the total energy, averaged in the frequency band.
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Figure 3: Dispersion curves under DAF (a) and shaker excitation(b)

4 CONCLUDING REMARKS

The feasibility of the Inhomogeneous Wave Correlation method on complex structures, in presence
of a local dynamics effect and under diffuse acoustic field excitation have been demonstrated, giving
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Figure 4: Damping Loss Factor: complex wavenumber estimation (a) and PIM (b)

a good estimation of the dispersion curves for all tested configurations. The efficiency of this 3D-
printed small-scale resonators is also demonstrated, obtaining a reduction of the vibrational field of
the panel. For all tested configuration, in the frequency band the resonators were tuned to work in,
a drop in the dispersion curves is observed.
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ABSTRACT 
 

In this paper, the commercial code MSC PATRAN–NASTRAN is used to simulate the fluid-structure 
interaction on a cantilever composite bistable plate. Bistable laminates have two stable mechanical 
shapes that, when properly loaded, snap-through from one stable configuration to another, causing 
large plate strains. Several aeronautical applications of this kind of structures as morphing devices 
or power harvesters are taken into account in the technical literature. The aim of this work is to 
explore the dynamic behavior of this bistable structure, in terms of divergence and flutter 
characteristics to be used for future works. Experimental and Finite Element (FE) modal analysis of 
the two stable states of the plate are performed to obtain natural frequencies and corresponding mode 
shapes, which is used as an input for aeroelastic analysis. The structure and the aerodynamic grids 
are used to create lifting surfaces by assuming the plates as infinite uniform plates. The MK pair set 
is created to calculate the unsteady aerodynamic forces to perform the dynamic stability analysis. 
Frequency and damping estimates are obtained at several velocities in order to predict divergence 
and flutter speeds. 

1 INTRODUCTION 

Aeroelastic phenomena must be considered in the early phase of the aircraft structural 
design [1],[2]. Flutter and divergence are two of them, characterized by dynamic and static 
instability, respectively [3]. The energy transfer between aerodynamic structure and airflow can 
be exploited by bistable structures for morphing [4]-[6] or power harvesting scopes [7],[8]. The 
bistable laminates have two stable states that are receiving interest in several aeronautic 
applications such as shape changing applications without the need of servo-activated control 
systems [9]. Therefore, the dynamic investigation of the bistables performance is needed due to 
the lack of information in the technical literature, to the best of the authors’ knowledge. 
Accordingly, frequency and damping curves of a bistable plate are estimated by using 
MSC/PATRAN&NASTRAN [10]. In this paper, the analysis of natural modes, static divergence 
and flutter instability of a rectangular bistable plate are numerically performed. The main purpose 
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is to show the velocities and the predominant eigenmodes when the aeroelastic instability occurs 
for each stable shape of the bistable plate. 

2 BISTABLE COMPOSITE PLATES 

Asymmetrical [02/902] laminates (120 mm × 240 mm) were fabricated laying up 4 unidirectional 
prepreg plies made of T800/M21 (prepreg mechanical and physical properties in [11]). The 
rectangular shape of the laminates was chosen in order to enhance the asymmetry between the 0° 
and 90° oriented plies, thus increasing the maximum curvature after curing and cooling at room 
temperature. Sample was cured in autoclave using the recommended cure cycle for the T800/M21 
prepreg. In order to increase the thermal residual stresses and to obtain a higher level of curvature 
in the sample, the batch was removed from the autoclave immediately after the curing reaction 
and rapidly cooled down in open air, not adopting the recommended cool rate of 2–5 °C/min. 
Upon cooling to room-temperature, each laminate was observed to have the two expected stable 
states (see Figure 1).  

  
 
Figure 1. Stable states (LEFT first stable state, RIGHT second stable state) post cooling down. 

3 AEROELASTICITY: NATURAL FREQUENCIES AND FE RESULTS 

The initial step in performing the aeroelastic testing was to determine the natural frequencies and 
mode shapes of the structure. The FE bistable models (previously developed and validated in [8], 
[9]) were used to perform modal analyses (MSC/PATRAN&NASTRAN – Modal analysis – SOL 
103 [10]) in order to obtain the first natural frequencies and the first mode shapes in both stable 
configurations. Subsequently, experimental investigations were conducted in order to validate the 
FE first natural frequencies and mode shapes of the bistable plate in the two stable states. The free 
oscillations were recorded after an imposed displacement at the free end of the cantilever plate. 
The vibrational amplitude acquired by an accelerometer located close to the clamped edge of the 
sample (to avoid saturation of the electrical signal) is reported in the following Figure 2. The FFT 
applied to these signals reveals the relative first two natural frequencies (see Table 1).  

 
 

Figure 2. Experimental natural frequencies of cantilever bistable plate. 
 
The close agreement between the experimental and numerical values of the first two natural 
frequencies (with the exception of the first natural frequency related to the second stable state in 
Table 1) is due to a proper description of the boundary conditions and of the material properties.  
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Natural Frequencies [Hz] FE values Experimental data 

First stable state Torsional mode 28.9 29.3 
Bending mode 62.4 58.7 

Second stable state Bending mode 17.3 13.2 
Torsional mode 28.5 25.3 

 
Table 1. Mode shapes and natural frequencies comparison (FE results vs experimental data). 

 
These results characterize the basic dynamic behavior of the structure and indicate how the 
structure respond to dynamic loading. The aeroelastic FE analyses (FlightLoads and Dynamics 
MSC Module [10]) were performed under the assumption of simple harmonic oscillations and the 
modal damping values were calculated by the MK–method in MSC/NASTRAN analysis solver 
(SOL 145). An Aerodynamic Model was made up of a collection of lifting surfaces (each of stable 
configuration); then a Flat Lifting Surface was defined to provide the primary lifting capability 
for the surfaces; after that Global Data was set (i.e. reference span and chord, flow density and 
direction in Figure 4) and eventually Aeroelastic Module was used to couple the aerodynamic and 
structural models and perform aeroelastic analyses.  

 
 

Figure 3. Aeroelastic FE features. 
 
By using the natural frequencies as an input to the aeroelastic analyses, the velocity vs damping 
and velocity vs frequency curves were obtained for the corresponding natural modes.  

 
 

Figure 4. V-damping and V-frequency curves for first and second bistable shapes. 
 
The flutter and divergence features of the bistable plate are shown in Figure 4. It is known that 
the flutter velocity (36 m/s for the second stable state) is lower than the divergence velocity (43 
m/s for the first stable state and 50 m/s for the second one) for rectangular plates [12]: 

• flutter velocity equals to 36 m/s for the second stable state (1st torsional mode); 
• divergence velocities equal to 43 m/s for the first stable state (1st torsional mode) 

and 50 m/s for the second one (1st bending mode). 
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Moreover, the flutter mode occurs at lowest frequency torsion mode (for the second stable state) 
because of shortness of the plate (AR equal 2) as elucidated by Howell et al. in [13]. 

4 CONCLUSIONS 

In this paper, a rectangular bistable plate was FE modeled to investigate its divergence behavior 
and to perform flutter analysis. By using MSC/PATRAN&NASTRAN, the modal modes and 
frequencies of the plate (in the two stable states) were evaluated. The results numerically found 
were in a good agreement with the experimental modal analysis demonstrating the consistence of 
the FE model. The FE aeroelastic study was performed considering the MK–method in 
MSC/NASTRAN. The plate becomes unstable at speed of 43 m/s for the first stable state 
(divergence) and 36 m/s for the second one (flutter). As the technical literature suggests, the 
shortness of the plate gives rise to the flutter at lowest frequency torsion mode. The target of future 
works will be to use the dynamical FE data to design and perform aeroelastic experimental 
campaign with bistable plates. 
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ABSTRACT

This paper discusses the use of a transfer matrix method for predicting the acoustic behav-
ior of baffled semi-cylindrical shells consisting of a generic arrangement of homogeneous and
heterogeneous periodic layers of various nature (fluid, solid, poroelastic). The through-radius
transfer matrix of a layer characterized by cylindrical periodicity is derived by manipulating
the dynamic stiffness matrix related to a finite element model of a unit cell. The proposed tech-
nique is equally appealing for homogeneous layers since few elements are needed in this case.
In such a framework, different layers can be combined to form multilayered shells and the re-
lated acoustic radiation or transmission due to a plane wave or a diffuse acoustic field can be
assessed. The blocked pressure field due to an incident plane wave is defined by taking into
account the infinite baffle. Analytical expressions for the cylindrical acoustic impedances are
exploited to define the coupling with the bounding fluid media. A one-dimensional windowing
technique is also adopted, making it possible to account for the finite length of the shells. The
proposed approach is validated in case of a baffled semi-cylindrical shell consisting of homo-
geneous layers by comparison with a full finite-boundary element model.
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1 INTRODUCTION

The Transfer Matrix Method (TMM) is an efficient approach to model the sound propagation
in stratified structures. Analytical expressions for the transfer matrices are only available for
homogeneous media [1]. The transfer matrix of a periodic planar layer is obtained in [2] and a
TMM for the sound transmission through infinite heterogeneous cylinders is presented in [3].
An extension of the method presented in [3] for finite heterogeneous semi-cylindrical shells is
here presented. The present work differs from [3] in the calculation of the blocked pressure due
to a plane wave excitation and accounting for an infinite planar baffle and in a one-dimensional
(1D) windowing technique accounting for the finite length of the shell. Other details can be
found in [3].

2 THEORY

A multilayered cylinder of length L whose longitudinal axis lies along the x-axis is cut by the
x− y plane (z = 0) thus obtaining a baffled semi-cylindrical shell in the half space z ≥ 0. The
inner and outer surfaces of the shell are respectively located at r = ri and r = ro. Subscripts i
and o indicate values at the inner and outer surfaces. The two bulkheads at the ends of the shell
are assumed rigid. A time-harmonic motion of the form exp(jωt) is assumed.

2.1 Acoustic excitation and impedances

The shell is excited by an oblique plane wave traveling in z > 0 with incident angle, θ, with
respect to the z-axis and heading angle, Ψ, with respect to the x-axis. The incident pressure
field can be expressed in cylindrical harmonics using the Jacobi-Anger expansion as

PI = p0e
j(ωt−kxx−kyy−kzz) = p0e

j(ωt−kxx)
∞∑
n=0

εn(−j)nJn(k+r) cos(nφ− nβ) , (1)

where p0 is the incident wave amplitude, kx = ω/c+ sin θ cos Ψ and k+ =
√
ω2/c2+ − k2x are the

wavenumber components, c+ is the speed of sound of the fluid in z > 0, the auxiliary angle β
is defined as tan β = tan θ sin Ψ [4], n is the circumferential mode number, εn is the Neumann
factor (εn = 1 if n = 0, εn = 2 if n > 0) and Jn is the Bessel function of order n. The
blocked-wall pressure field is obtained by assuming a Neumann boundary at r = ro [5]:

PB(β) = p0e
j(ωt−kxx)

∞∑
n=0

εn(−j)n
[
Jn(k+r)−

J ′n(k+ro)

H2
n
′(k+ro)

H2
n(k+r)

]
cos(nφ− nβ) , (2)

where f ′(x) = df/dx andHm
n is the Hankel function ofm-th kind of order n. In order to obtain

a zero normal velocity at the baffle (z = 0), the blocked pressure must be modified as

P̂B = PB(β) + PB(π − β) =
∞∑
n=0

[PBn(β) + (−1)nPBn(−β)] . (3)

Assuming non-resonant interior, the acoustic normal impedance at the inner (outer) surface is
[3]

Zi(o),n = (−)
jωρ−(+)

k−(+)

H
1(2)
n (k−(+)ri(o))

H
1(2)
n

′
(k−(+)ri(o))

(4)

where ρ− and c− are the density and the speed of sound of the z− fluid and k− =
√

(ω2/c2− − k2x.

2
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2.2 Windowing along the cylinder’s axis

A wave of wavenumber kp is assumed to propagate on an infinite 1D structure. The velocity
field in the spatial domain can be written as v̂(x) = ve−jkpx. If only a part of lengthL contributes
to the sound radiation, the velocity field in the wavenumber domain is defined as

ṽ(k) =

∫ L/2

−L/2
ve−jkpxejkxdx = 2v

sin [(k − kp)L/2]

k − kp
. (5)

The radiated power calculated from the wavenumber spectrum of the velocity field is [6]

Π(kp) =
ρoco
4π

∫ ko

0

|ṽ|2ko√
k2o − k2

dk =
ρocoko|v|2

2π

∫ ko

0

1− cos [(k − kp)L]

(k − kp)2
√
k2o − k2

dk . (6)

Finally, the radiation efficiency can be calculated as [6]

σ(kp) =
2Π

ρocoL|v|2
=

ko
πL

∫ ko

0

1− cos [(k − kp)L]

(k − kp)2
√
k2o − k2

dk . (7)

2.3 Transmission loss

The incident acoustic power per unit length on the outer surface of the cylinder is given by [5]

WI(ω, θ,Ψ) =
rop

2
0 cos θ

ρ+c+ cos β
. (8)

The transmitted sound power per unit length of the inner surface (r = ri) can be evaluated as

WT (ω, θ,Ψ) =
ri
2

∞∑
n=0

<
[
pi,n(vfi,n)H

] ∫ π

0

[cos(nφ− nβ) + (−1)n cos(nφ+ nβ)]2 dφ . (9)

Thus, the transmission loss can be defined as

TL(ω, θ,Ψ) = −10 log10

(
σ(kx)

riρ+c+
rop20

∞∑
n=0

cos2(nβ + nπ/2)

εn
<(Zi,n)|vfi,n|2

)
. (10)

3 VALIDATION

A baffled semi-cylindrical shell of length L = 0.6 m, internal radius ri = 0.478 m and external
radius ro = 0.5 m is considered. The shell consists of an external 2 mm thick steel layer (E =
210 GPa, ν = 0.3, µ = 0.1 %, ρ = 7800 kgm−3), an intermediate 19 mm thick melamine layer
(Φ = 0.99, σ = 10900 Nsm−4, α∞ = 1.02, Λ = 100 µm, Λ′ = 130 µm, E = 80 kPa, ν = 0.4,
µ = 17 %, ρ = 8.8 kgm−3) and an internal 1 mm thick mass layer (E = 1 MPa, ν = 0.3,
µ = 50 %, ρ = 1500 kgm−3). The melamine is modeled as an equivalent fluid according to a
limp model [1]. The fluids have properties c+ = c− = 343 ms−1 and ρ+ = ρ− = 1.21 kgm−3.
Figure 1 compares the TL at oblique incidence (θ = 45◦, Ψ = 0◦) predicted by the proposed
approach with the result produced by a coupled FEM-BEM. The solution for an infinite cylinder
[3] with the same properties of the shell is also presented. The solution of the half cylinder is
in better agreement to the reference solution over the whole frequency range with respect to
the solution of the complete cylinder. The reason for such a difference must be ascribed to the
blocked pressure. It should be noted, for example, that in case of β = 0 (Ψ = 0) only the
even circumferential modes of the half cylinder are excited by the incident acoustic field. In
general, the excitation seen by a baffled semi-cylindrical shell is different from the excitation
seen by a complete cylinder because of the different pressure fields produced by an incident
plane wave. On the other hand, the adopted 1D windowing technique improves the agreement
to the reference solution in the low frequency range.

3
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Figure 1. TL at oblique incidence (θ = 45◦, Ψ = 0◦) of a baffled half cylinder.

4 CONCLUDING REMARKS

A model for the sound transmission through baffled semi-cylindrical shells is described. The
proposed procedure allows to exploit the versatility of the TMM and makes it easy to deal with
anisotropic, poroelastic and heterogeneous shells, avoiding the need for analytical formulations
or homogeneous equivalent models. The accuracy of the method has been verified by showing
agreement with the result produced by a FE-BE model in case of a shell consisting of homoge-
neous layers. The adopted 1D windowing technique makes it possible to properly account for
the finite length of the shells. The presented TMM ensures a lower computational cost compared
to other periodic approaches since each layer can be modeled per se and homogeneous layers
may be modeled efficiently with a few finite elements. Ultimately, the proposed approach could
represent an effective acoustic tool for cylindrical shells, due to its versatility and efficiency.
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ABSTRACT

The acoustic performances of building elements such as windows are performed in laboratory ac-
cording to standards. In addition to the high cost of the experimental tests, the measurements at
low frequencies, face some difficulties such as the lack of reproducibility, the diffuseness of the
acoustic field and the effect of the modal behaviour of the rooms. To overcome this, a numerical
analysis of the transmission loss of a double-glazing structure is developed in this work. To this
end, four numerical configurations, based on experimental conditions, are proposed. The differ-
ences concern the modeling of the emitting and receiving rooms. The numerical model used for the
double-glazing was calibrated through the Experimental Model Analysis. Results show that there
is a significant effect of the rooms on the transmission loss at low frequencies and so of its proper-
ties such as the acoustic absorption. A comparison with experimental results is also established to
validate the chosen configuration with which parametric analyses are carried out, however, results
are not presented in this paper.

Keywords: Double-glazing, Transmission Loss, Experimental Modal Analysis, Numerical analy-
sis.
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1 INTRODUCTION

Double-glazing is often used in noise reduction since a relatively high transmission loss is achieved
by the introduction of an acoustic gap between the panels. Due to various effects of fluid-structure
interaction, boundary conditions and the modal behaviour in low frequencies, the prediction of the
acoustic performance of the double wall remains complicated. In the literature, Antònio et al stud-
ied experimentally the transmission loss through single, double and triple glazing [1], while, in Ref
[2], the effect of boundary conditions on this acoustic indicator of double panels was investigated.
A comparison of different type of glass can also be found in Ref [3]. Regarding the numerical
prediction approaches, several methods are available. The choice of the method depends on the
computational cost and the considered frequency band. The Finite Element Method (FEM) is suit-
able to treat problems in low frequencies. For example, Larbi et al used it to develop a model of a
sandwich plate with viscoelastic core [4]. Another example can be found in Ref [5] which studied
the prediction of sound transmission through double-wall with elastic porous lining.

In this paper, a numerical analysis based on an experimentally calibrated FEM model is
proposed to predict the vibroacoustic behaviour of double-glazing.

2 NUMERICAL CALIBRATION OF THE DOUBLE-GLAZING FROM EMA

In this section, we are interested in the calibration of a numerical model of the double-glazing
through the Experimental Modal Analysis (EMA) . The studied structure presented by Figure 1 is
an Insulting Glass Unit. It consists of two glass and a separating edge which forms an air or gas
gap. The complexity is located along the edge. In fact, the stainless hollow steel spacer is filled at
least half by molecular sieve in the form of beads called the desiccant and used to dry out the cavity.
In addition, a dual seal combination has a primary seal of polyisobutylene between the spacer and
the panes, and a secondary seal of silicone around the outside edge is used to glue all the parts. So,
to calibrate a model of the group ”spacer + desiccant + seal”, an EMA is carried out for the full
system in order to determine the mechanical properties (E, ν and ρ) for an equivalent homogeneous
isotropic material for this group.

Spacer

Glass panes

Gap

Primary seal

Desiccant

Second seal

Figure 1. Details of the Insulting Double Unit

2.1 Experimental Modal Analysis

For performing the EMA, a home-made Matlab toolbox has been developed and includes several
approachs like LSCF and its polyreference version. The suspended double-glazing (see Figure 2),
composed of two glass of 6 mm and 4 mm separeted by 18 mm of argon, is meshed into 153
nodes in order to obtain a good visualisation of the mode shapes. The application of the method
implemented in the toolbox requires the measurement of the Frequency Response Function (FRF)
at different points of the structure after its excitement. In this work, the roving hammer test is used
with an impact hammer and three reference accelerometers.

2.2 Numerical calibrated model

The double-glazing experimentally tested is calibrated numerically with the finite element method.
The numerical model consists of two 2D shells representing the two panels separated by a 3D
cavity filled with argon. An equivalent solid for the group ”spacer + desiccant+ seal” (see Figure
2) is defined. Quadrilateral elements for the glass panels and hexahedral ones for the fluid and the
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equivalent spacer are used for the finite element discretization, and their sizes are controlled by the
wavelength of each subdomain.

Figure 2. Suspended double-glazing

2.3 Results and discussion

Table 1 shows the comparison of the first ten natural frequencies of the structure obtained from the
experimental and numerical analysis after calibration of the numerical model on the first natural
frequency. For a such complex structure, results are considered satisfying since the maximum
difference of natural frequency is 6.8 %, observed for Mode 8. Therefore, this calibrated model is
used to evaluate numerically the transmission loss.

Mode 1 2 3 4 5 6 7 8 9 10
Experimental 29.9 37.7 41.2 56.4 60 75.5 93.9 94 98.4 117.6
Numerical 29.8 36.6 38.6 56.4 63.8 72.9 98.9 100.4 102.7 113.9
Gap (%) 0.4 2.9 6.3 0.1 6.4 3.4 5.4 6.8 4.4 3.1

Table 1. Experimental and numerical eigenfrequencies of the double-glazing

3 DETERMINATION OF THE SOUND TRANSMISSION LOSS

The airborne sound insulation of building elements is evaluated in laboratory according to standards
ISO 10140. Measurement are done between two adjacent reverberation rooms. In low frequencies,
tests face some difficulties such as the lack of reproducibility, the diffuseness of the acoustic field
and the effect of the modal behaviour of the rooms. To study these different problems, four nu-
merical configurations have been carried out. In the first one (Figure 3.a), a realistic laboratory
configuration is considered. It consists in two reverberant rooms modelled with a spherical acous-
tic source in the emitting one. In fact, standards assume that the acoustic excitation is a diffuse
field for the entire frequency band of measurement. However, this condition is respected only be-
yond the ”Schroeder frequency” which marks the limit between the modal and the diffuse field
behaviour. So, a second configuration (Figure 3.b) considering the source side as a diffuse field
even for the very low frequencies while modelling the receiving room is considered. Numerically,
this condition is ensured from the superposition of set of plane waves with random phase. For the
third configuration (Figure 3.c), to avoid the modal behaviour of the receiving room, an acoustic
radiation in a half-space while modelling the emissive room is considered. The Rayleigh condition,
which references to a vibrating structure in the plane of a rigid baffle, is used. Finally, the fourth
configuration (Figure 3.d) combines the diffuse field in the source side and the Rayleigh radiation
in the receiving one. The advantages of this model is a significant reduction in the model size, but
considers perfect experimental conditions in both sides of the structure under test.

4 RESULTS

A comparison of the results in narrow band and third octave band is established and presented in
Figure 4. As expected, in very low frequencies (below 100 Hz), the TL is sensitive to the presence
of the acoustic rooms due to their modal behaviour. Of course, this observation is not observed
for the results of the fourth configuration which presents only the modal behaviour of the double-
glazing. From 125 Hz, TL has the same trend regardless which configuration is used whith a
difference of 3 dB at 500 Hz.
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5 CONCLUDING REMARKS

The double-glazing is calibrated numerically with the Experimentally Modal Analysis. The estab-
lished model is used to carry out numerical acoustic analyses. The results show that the presence of
the acoustic rooms has a significant influence on the TL at very low frequencies. However, above
125 Hz, all TL converge. The fourth configuration is thus preferred since it is the less expensive
configuration in terms of computational cost. Finally, it can be noted that in addition to the ex-
perimental results presented in this paper, parametric analyses have been performed but are not
presented here.

(a)

(c)

(b)

Figure 3. Numerical configurations considered for the prediction of the TL
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Figure 4. TL from the four numerical configurations
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ABSTRACT 
In this study, the effects of aluminium cold spray deposition on basalt/epoxy composites under 

dynamic loads were investigated. Before the characterisation, the impact surface was treated with a 

commercial Polylactic acid (PLA) surface to allow better adhesion of the aluminium particles on the 

thermosetting composite. After the cold spray deposition, the neat and coated composite laminates 

have been experimentally characterized by performing low-velocity impact tests. The results have 

shown a good deposition of the aluminium coating on thermosetting composite and the effect of the 

coating on the latter is evaluated in terms of low-velocity impact parameters and damage mechanism. 

Even if the impact response of the coated composite is lower in terms of maximum load, the aluminium 

deposition seems to influence the damage mechanism propagation positively as confirmed by the 

measuring of the plastic deformation. 

 

1 INTRODUCTION 

Composite materials are increasing a lot their applications in structures and constituents due 

to their low density, high specific strength and stiffness and their lighter. They have been developed 

as mechanical components to substitute parts of metallic materials for aircraft structures. Among the 
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composite structures, Basalt fiber-reinforced plastic (BFRP) is becoming increasingly established in 

the world of composites as a good substitute for traditional composite materials made of fiberglass 

and carbon [1]: due to the particular mechanism of damage formation during low-velocity impact, 

their dynamic properties are receiving attention [2-5]. However, composite materials are in general 

non-homogenous and anisotropic, allowing failure through a variety of damage modes; this damage 

is not always visible but may lead to a complete structural collapse, without showing any prior external 

evidence [6-7]. For safety reasons, it is crucial to know the behaviour of composite laminates under 

low-velocity impact conditions at different increasing impact energies, as the latter can cause different 

more or less critical damages [8-9]. Moreover, panels mounted on aircraft bodies could be subject to 

damage due the lightning and electricity. As a consequence, the application of composite materials on 

an aircraft body needs a superficial conductive skin to reduce the damages mentioned above. 

Therefore, the surface metallization is considered to be an effective technique to enhance the 

surface properties of the composite materials, to make the low-speed impact damage more visible to 

the naked eye and then to  expand their engineering application fields. In this scenario, the Cold Gas-

Dynamic Spray (CGDS) technology appears to be a suitable technique to make a metallic coating on 

temperature-sensitive materials, such as the composite ones [10]. In fact, compared to the traditional 

thermal spray techniques, in a cold spray process the particles stay completely in a solide state upon 

impact the target surface, making it possible to create metallic coatings on polymeric or FRPs, without 

inducing any damage or failure of the substrates [11-12].  

According to their reaction, when they are subjected to heat, polymers are classified, in 

thermoplastics and thermosets. The bonding mechanisms of polymeric materials are strongly 

dependent on the type of matrix chosen: while the thermoplastics, being more ductile, are more 

suitable to be coated by the impact process, the thermosets are subject to breakages during impact due 

to their fragile behaviour. However, still nothing has been done on thermosets composite materials 

that are widely used in aerospace and automotive fields respect to the thermoplastic ones. The classic 

bonding mechanisms are not directly applicable during the deposition on thermosetting polymers [13]. 

So, in this paper it will be provided an innovative technique to facilitate the deposition of 

metallic coatings on thermosetting FRPs substrates through cold spray. In particular the impact surface 

was treated using a commercial Polylactic acid (PLA) to improve the anchoring of the aluminium 

particles on the thermosetting composite substrate. The effects of this treatment on the impact 

properties of basalt fiber composites are discussed. 

2 MATERIALS 

2.1 Laminates preparation 

Basalt fibre reinforced plastic square laminates, 400 mm inside, were realised by resin vacuum 

infusion technology using basalt plain-woven fabrics, 200 g/m2 (Basaltex NV) and an epoxy infusion 

system by Gurit (Prime 20LV). 16 fabric layers were stacked to obtain a thickness of 2.50 mm. 

To allow a better adhesion with the aluminium particles the impact surface was treated using a 

commercial Polylactic acid (PLA) film with a thickness of 30 µm. Once the film has been positioned, 

a heated plate press of the Collin model P 200 E is used to favour the PLA-composite coupling. Since 

the melting temperature of the polylactic acid is between 180 ° C and 220 ° C, the dishes were brought 

to a temperature of 200 ° C, and then a pressure of 5 bar was applied for about 5 min. 

Dymet 423low-pressure equipment with nitrogen as a carrier gas was used for the cold spray 

depositions. Micron-sized powders of aluminium alloy Al-Si12 (particle mean size of 40 μm) 

were used for the spraying process to produce the metallic coating on the PLA substrate. First, 

different coating tracks 40 mm long and 5 mm width with a travel speed of the spraying gun of 8 

mm/s were preliminary produced by varying the process parameters in a wide range (inlet gas 

temperature: 150 – 600 °C, inlet gas pressure: 4 – 8 bar, stand-off distance: 10 – 80 mm).  
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3 METHODS 

Low-velocity impact tests (impact velocity, Vi=3m/s) were carried out by a falling weight 

machine, Ceast Instron, at energy level U=30J to avoid the penetration and to measure the indentation 

depth. The rectangular specimens, 100x150 mm, cut by a diamond saw from the original panels, were 

supported by the clamping device suggested by the ASTM D7137 Standard and were centrally loaded 

by an instrumented cylindrical impactor with a hemispherical nose, 19.8 mm in diameter. Tests were 

conducted using an impactor with a mass equal to 3.640 kg that combined with the drop heights 

allowed to obtain the selected impact energy. After the impact tests on both the original material and 

the aluminium cold sprayed substrate, the specimens were observed by visual inspection to investigate 

the damage, whereas a confocal microscope, Leica DCM3D, was used to measure the indentation 

depth with a magnification of 10x. 

4 RESULTS AND DISCUSSION 

The optimal process parameters adopted to produce the coated samples for the next phase of the 

experiments are 6 bar gas pressure, 600° C gas temperature, 35 mm stand-off distance (which is 

the distance between the CS exit-nozzle and the substrate). These parameters were chosen at the 

aim to obtain the best adhesion mechanism between the particle and the substrate. The thickness 

of the coating was approximately 100 μm. 

In Figure 2, the comparison of the load-displacement curves obtained at U=30J for the basalt 

composite systems with the aluminium coating and without it are compared. The pictures clearly show 

that, for both conditions, closed type curves are obtained: the samples are not penetrated/perforated 

by the impactor that rebounds and the area enclosed in the loop of the loading/unloading part of the 

curve are the energy absorbed by the laminate to create damage or to bend.  

 
Figure 2. Load-displacement comparison between coated and neat composite at U=30J 

 

In particular, the maximum load, Fmax, seems to be affected by the cold spray deposition 

resulting higher in the case of BS_neat (Table 1). It is worth noting that, in the case of the coated 

materials (BS_coated), the first significant load drop occurs in correspondence of the maximum 

load, while, in the case of neat ones, several load drops, denoting matrix cracks and starting fibre 

failures, were observed on the increasing part of the curve. This means that the aluminium coating 

influences the damage mechanisms by protecting the fibres.  

 

Condition Fmax [N] Umax [J] Ua [J] d [mm] I [µm] 

TQ_30J 7504.33 30.55 10.50 10.02 191.93 

CS_30J 6387.82 29.50 9.52 9.48 142.22 

Table 1. Impact parameters at U=30J 
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The influence of the coating on the damage mechanism is also confirmed by the lower absorbed 

energy, Ua, and lower indentation depth, I, measured on the BS_coated composite. Recalling that 

the indentation depth, I, is the maximum depth of the plastic deformation left by the impactor on 

the impacted surface of the specimen, from Table 1 it is possible to note that the coated composite 

showed lower indentation respect to the composite neat.  
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ABSTRACT 
 

Aim of the present study is the identification of equivalent viscoelastic models for layered thin walled 
structures, obtained from vibration measurement only, able to fit the experimental data on a wide 
frequency range by means of a minimum number of parameters. An identification method of general 
validity is proposed, based on the concept of equivalent modal damping ratio and on the classical 
circle-fit technique. It is applied to the analysis of both Aluminum plates coated by damping pads 
and plates made by Quiet Aluminum. To fit the experimentally found equivalent modal damping 
ratios, the linear Fractional Kelvin viscoelastic model is adopted, assessing the accuracy of the 
identified parameters by comparison of numerically simulated with experimentally measured 
frequency response functions. 
 

1 INTRODUCTION 

Accurate evaluation of damping properties of layered thin walled structures, as plates or shells, is a 
relevant problem for several industrial applications in the field of vibration control and noise 
reduction. The interest in the identification of equivalent viscoelastic models from vibration 
measurement only has therefore strong motivations, but direct identification from time or frequency 
domain data is generally a difficult task. 

In this study an indirect approach is adopted, based on the concept of modal damping ratio 
(n), focusing the attention on its behaviour as a function of the related natural frequency (ωn). It is 
well known under which assumptions n can be analytically defined and experimentally estimated, 
by considering a linear viscous dissipative model (integer order Kelvin model, based on a single 
Newton element). However this theoretical parameter shows a dependency on the related natural 
frequency that in most cases dramatically fails in fitting the experimental data; it was shown that a 
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better agreement between theory and experiments can be achieved by means of non–integer order 
differential models, obtained by replacing the first derivative (Newton element) with a fractional 
derivative (Scott–Blair element) [1]. Extensive literature exists on the application of fractional 
calculus to viscoelasticity, since it yields to physically consistent stress–strain constitutive relations 
with a few parameters, good curve fitting properties and causal behaviour [2,3,4]. 

To overcome the difficulty of finding analytical expressions for n in case of non–elementary 
dissipative models, a method of general validity has been developed, introducing the concept of 
equivalent modal damping ratio applied to the circle–fit technique [5]. This identification method is 
based on the assumption that the Nyquist plot of the mobility for any mode n can be approximated 
by a circumference, which is still acceptable when considering fractional derivative models [6]. The 
Fractional Kelvin model [1] is then considered, applied to the analysis of vibrating Aluminum plates 
coated by damping pads (ADP) or made of Quiet Aluminum (QA). 

2 IDENTIFICATION METHOD 

According to the circle–fit technique [5], (almost) circular experimental Nyquist plots of the 
Mobility allows the estimate of the related modal damping ratios n (Figure 1, left), which according 
to the integer order Kelvin model are given by: 

                                                       
2 2
2 1

2 2 1 1

1

2 tan( ) tan( )n
n


  

  
    

       (1) 

where ωn is the natural angular frequency and the other symbols refer to Figure1, right. Notice that 
ωn = 0 only for the integer order Kelvin model, but more in general it is ωn  0, as in Figure 1. 

 
 

Figure 1. Nyquist plots of Mobility.  
Experimental plot (left; mode at 150 Hz, ADP) and general scheme for mode n (right). 

 
The experimental estimates of n as function of the natural frequencies ωn usually show a 

behaviour which is very far from the linear one (straight increasing line passing through the origin) 
predicted by the integer order Kelvin model [6]. As a consequence, in order to fit such experimental 
curves, more refined models are needed; the Fractional Kelvin model is here adopted, with 
analytical expressions in the frequency and in the Laplace domains given by: 

                                            0 0 0( ) 1 (i ) , ( ) ( ) 1 ( )E E E s E R s E s                    (2) 

where E0 is the equivalent static Young’s modulus, α is a non–integer or fractional derivative order 
(values between 0 and 1) and  is a characteristic time. 

At this stage a definition of general validity is needed for n, in order to create a link between 
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the experimental damping estimates of Equation 1 and the viscoelastic parameters of the selected 
model. For this purpose a homogeneous Kirchhoff plate is considered. By applying the elastic–
viscoelastic correspondence principle [4] and separating the variables, the plate equation in the 
Laplace domain yields the characteristic equation associated with the n-th mode: 

                                           
3 4 2

2 2 20
2

( )
( ) 0

( ) ( )12(1 ) n n
h

E h W s
s R s

W R s
 

 

      


x

x
      (3) 

where x denotes the spatial coordinates, h the mass per unit area of the plate, h its thickness,  
the Poisson’s ratio and n the n-th natural frequency. Since the real negative part of the complex 
conjugate roots is responsible for the oscillation decay, it can be proven that under certain 
conditions a general definition for an equivalent modal damping ratio n is given by: 
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which constitutes a link between a selected viscoelastic model (represented by the function R in both 
Equations 3 and 4) and the evaluation of n via circle–fit technique. Through Equation 4 it is then 
possible to fit the parameters of a viscoelastic model (as in Equation 2) with the experimental 
estimates of n. 

3 EXPERIMENTAL RESULTS 

Two square plates has been tested, with side length l = 300 mm, thickness h =  2 mm (QA) and h = 3 
mm (ADP), total weight P = 0.52 kg (QA) and P = 1.06 kg (ADP). The experimental estimates of n 
are displayed vs the natural frequencies ωn in Figure 2, for both QA (a) and ADP (b). On the 
experimental data (dots) are superimposed the curves n (ωn), plotted using the following  identified 
parameters in the Fractional Kelvin model:  

8 3
0 0Al

5 3
0 0Al

QA / 0.825 0.219 4.829 10 s ( 2889 kg / m , 0.33)

ADP / 0.551 0.229 5.097 10 s ( 3926 kg / m , 0.33)

E E

E E

   

   





     

     
 

where E0Al = 7.11010 [N m–2] is the standard Young’s modulus of Aluminum. 
 

 

Figure 2. Modal damping ratios (n) vs natural frequencies (ωn) [Hz]; QA (a) and ADP (b). 
Experimental identified data (dots) and Fractional Kelvin model interpolations (continuous). 

 
The accuracy of the identified parameters has been assessed by comparison of numerical 

with experimental FRFs (modulus of Mobility), as shown in Figure 3 for both QA (a) and ADP (b). 
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Figure 3. Experimental (continuous) and numerical (dotted)  
Mobility modulus [mm s–1 N–1] vs frequency [Hz]; QA (a) and ADP (b). 

4 CONCLUDING REMARKS 

The circle–fit technique has been applied to the experimental evaluation of equivalent modal 
damping ratios, developing a procedure valid for any linear viscoelastic model, thus overcoming the 
difficulty of direct identification from time or frequency domain data. 

Plane flexural vibrations of free–free layered Aluminum plates have been considered 
(viscoelastic pads and Quiet Aluminum). The linear Fractional Kelvin model has been adopted fo fit 
the experimentally found equivalent modal damping ratios, and the accuracy of the identified 
parameters has been assessed by comparison of numerical with experimental frequency response 
functions. 

The proposed identification procedure is suitable for application in the finite element 
method, for studying dissipative effects in thin walled structures of general shape. 
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ABSTRACT

The present research introduces a novel modeling approach for the numerical computation of the
dispersion relations in periodic structures. A refined beam model is generated on the basis of the
Carrera unified formulation (CUF), which allows the user to define any structural theory for the ex-
pansion unknowns over the cross-section. As a consequence, a beam theory with only displacement
unknowns is generated for the unit cell model. Classical 1D elements are employed to interpolate
the transverse direction of the model. The proposed class of beam elements are then suitable for the
application of the Bloch’s boundary conditions over the periodic interfaces. The model is applied
to the computation of the dispersion relations in an infinite periodic structure and the transmission
coefficient in a finite array of unit cells. The benchmark results show good agreement with the
literature.
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1 INTRODUCTION

In the past years there has been a growing interest in the study of the effects of acoustic and elastic
waves in the human and structural well-being. Much attention is nowadays focused in the introduc-
tion of systems which are able to dump, and eventually eliminate, actively or passively, the sound
transmission and structural vibrations. In air-borne lightweight structures, for instance, material
insulators such as foams and rubbers are already being used to reduce the sound and structural
noise radiation due to the engines, the air flowing around the cabin and the air-conditioning system,
among others. Although these material solutions have proven its value to mitigate medium to high
frequency excitations, they are not effective in the low frequency range due to the ratio between the
structural dimensions, e.g. the thickness of the wall, and the long wavelengths of these frequencies.

Design materials, a.k.a. metamaterials, serve for this purpose. They can be defined as het-
erogeneous artificial materials that exhibit unusual responses to different physical excitations or
constraints. A common application of metamaterials are the phononic crystals, which are formed
by a periodic repetition of a certain geometry or material system. The main purpose of this design is
to open band gaps in certain frequency ranges in which a given excitation does not propagate. This
property is physically achieved via two different dynamic effects: the Bragg scattering, which ex-
ploits the periodicity to block passing waves through destructive interference, and local resonances,
which are based on local oscillators that modify the propagation in the vicinity of their resonance
frequency.

The accurate simulation of the dynamic problem is of paramount importance for the efficient
design of such metamaterials. The classical approach is based on two main concepts: the unit cell
and the dispersion relations. The former, also denoted to as repetitive volume element (RVE),
defines the irreducible geometrical entity which is repeated in the space to create the macro-scale
material. The latter represents the relation between the wave properties of the metamaterial, e.g. the
frequency vs the wave number. It contains valuable information about the wavelength and speed
of a certain excitation, as well as the frequencies in which the propagation is not allowed. The
Floquet-Bloch [1] principle is usually recalled to compute these relations in metamaterials. For
this purpose, especial periodic conditions are imposed to the unit cell and the eigenvalue problem
is computed as a function of the frequency and the wavenumber. Classical methods to solve this
problem are the transfer matrix method [2] and the finite element method [3], among others.

The present paper proposes the use of a especial formulation of the finite element method
which presents certain advantages for multiscale problems: the Carrera unified formulation [4]
(CUF). Based on this approach, the unit cell is modeled via refined beam models with non-local
expansion unknowns which allow for the imposition of the Bloch’s conditions. The model is ap-
plied to the evaluation of the dispersion curves in periodic elastic metamaterials. The assessment
of the method is carried out through the well-known example of Wu et al. [5], which consist of
a stubbed aluminum plate for dumping of Lamb waves. The evidence of band gaps is further
supported here with the analysis of the transmission in a finite strip of the studied metamaterial.

2 REFINED BEAM MODELS

(a) Unit cell (b) Cross-section of the base

Figure 1: Model of the unit cell and detail of the cross-section discretization of the aluminum plate.
The first Brillouin zone is marked in red in (b).

According to CUF, any refined beam model can be generated as a kinematic expansion over
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the section plane. In this manner, higher-order effects, such as warping, in-plane deformations or
zig-zag responses, can be captured by conveniently selecting the theory of structure. For the pur-
poses of the present study, the cross-section unknowns are represented via standard 2D interpolating
domains in the xz-plane, as follows

uuu(x, y, z, t) = Fτ (x, z) uuuτ (y, t) τ = 1, 2, ...,M (1)

where uuu is the displacement vector, Fτ are the expansion functions and uuuτ is the vector of the
generalized unknowns. The repeated subscript τ denotes summation and M is the total number of
expansion terms assumed for the kinematic field.

Recalling the finite element method, the thickness direction is discretized by means of stan-
dard 1D elements, as shown in Fig. 1 (a). Accordingly, the generalized unknowns, uuuτ , are interpo-
lated over y via Lagrange polynomials:

uuuτ (y) = Ni(y) uuuτi(t) i = 1, 2, ..., n (2)

where uuuτi(t) is the nodal unknown vector and n is the total number of beam nodes.

3 DISPERSION RELATIONS

In the current modeling framework, the application of the Bloch’s boundary conditions is performed
over the section degrees of freedom located at the edges of the plate, Ωxi and Ωzi (see Fig. 1). In
this manner:

uuuΩx1
τi = uuuΩx2

τi e−jkkk (3)
uuuΩz1
τi = uuuΩz2

τi e−jkkk (4)

where j is the complex operator and kkk is the reduced wave vector. Grouping all the slave unknowns
into a single global vector vvv, one can write:

uuu = Wvvv (5)

where the W matrix contains all the Bloch relations. Finally, the eigenvalue problem can be defined
as:

(−ωWHMW + WHKW)vvv = 000 (6)
where M and K are the global mass and stiffness matrices, respectively. The upper-scriptH denotes
Hermitian transpose. Note that the wave vector variation is imposed though the matrix operator W.

4 RESULTS

The benchmark example of the periodic stubbed surface [5] is used here for the assessment of the
model. The structure under study is composed of a 1 mm thick aluminum plate with a periodical
array of cylinders on the top. The height of the cylinder is taken here as 5 mm. The in-plane
dimensions of the unit cell are 10 mm × 10 mm. Figure 2 shows the dispersion curves over the first
Brillouin zone, which is marked in red in Fig. 1 (b). It can be observed that several complete band
gaps open in the range between 0 and 250 kHz. The widest one is located around 170 kHz, which
is in good agreement with the literature. A second study is carried out to confirm numerically these
findings, which consists on the frequency response analysis of a finite strip of the metasurface,
see Fig. 3. Reasonable similarity is found. The local resonance nature of the wide band gap is
demonstrated by observing the modes in that frequency range.

5 CONCLUDING REMARKS

The present paper proposes the use of refined beam elements for the computation of the dispersion
relations and transmission coefficient in periodic metamaterials. The Carrera unified formulation is
employed to generate non-local beam models which can accurately simulate the Bloch’s boundary
conditions. The model presents certain advantages in terms of modeling time and computational
costs in comparison to 3D finite elements, which are traditionally employed for this application.
The results show a good agreement with the solutions found in the literature for the benchmark
problem under study.
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Figure 2: Dispersion curves of the periodic structure. The grey areas correspond to complete band
gaps. The modes calculated at the edge frequencies of the first and second band gaps are shown.
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Figure 3: Transmission coefficient computed in a finite strip the stubbed plate for X and Z-polarized
waves. The shaded area corresponds to the main band gap found in the dispersion curves. The
images on the right-hand side show various relevant modes computed at different frequencies.
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ABSTRACT

This paper presents a wavenumber extraction method for 1D and 2D wave propagation in periodic
structures. In its simplest form, the method can be considered an inverse WFEM as it leverages
spatially periodic measurements of the displacement field to build a convolution kernel that zeroes
it out. This kernel is obtained by solving an inverse problem that encodes wavenumbers and K-
Space information. The proposed class of algorithms achieves state of the art accuracy in the 1D
case and extends what was feasible in the 2D case. Experimental results are presented for the 1D
case while 2D propagation is only studied numerically.
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1 INTRODUCTION

Structural identification and characterisation have become crucial issues at the core of engineering
applications such as non-destructive testing, damage detection and structural health monitoring.
Currently, many methods are able to tackle these problems in the low frequency domain. FRF based
model updating [1, 2] schemes, and modal identification methods [3, 4] are some of the most suc-
cessful. However, these methods become inappropriate in the mid and high frequency domains as
uncertainty on boundary conditions and spacial variability of material properties have large effects
on the displacement field. To tackle these issues, inverse methods assessing local wave propagation
properties have been developed. In 2000, McDaniel et al. developed a method [5] based on non
linear least-square optimization that enables wavenumber retrieval in 1D homogeneous structures.
The method was subsequently applied to the identification of frequency dependent material prop-
erties by assuming an Euler-Bernoulli wave propagation model [6]. In 2005, The Inhomogeneous
Wave Correlation (IWC) was developed by Berthaut et al. [7] enabling wavenumber identification
in the 2D case. However, because it is based on the plane wave approximation, the method is only
exact when that approximation is valid. In 2011, the Inverse Wave Decomposition (IWD) was de-
veloped by Chardon et al. [8]. It goes beyond the plane wave approximation by considering the dis-
placement field as a superposition of plane waves with different propagation angles. The method is
theoretically exact in the absence of sources but involves solving high dimensional non linear least
square problems. As the dimension of the problem is proportional to the number of propagation an-
gles needed to reconstruct the wavefield, the method become impractical in the targeted frequency
range. This paper presents a convolution based wavenumber extraction methodology that achieves
comparable performance to the IWD but only requires linear least square optimization with few
parameters. This is achieved by placing a periodicity constraint on the array of measurements of
the displacement field.

2 METHOD

The roots of the method can be understood starting from the equations of the direct form of the 1D
Wave Finite Element Method [9] recalled in equation (1):(

λDLR + (DLL +DRR) +
1

λ
DRL

)
ψ = 0 (1)

Equation (1), once developed, can be understood as a convolution product between a geometric
sequence of vectors and a three-term long sequence of matrix coefficients resulting in a null se-
quence of vectors. Usually, the matrix coefficients are known and the propagation constants λi and
waveshapes ψi are determined using an eigenvalue solver. In the proposed method, the problem is
reversed and the measured displacement field is used to partially reconstruct the matrix coefficients
DLR, (DLL + DRR) and DRL via a linear least square problem. Once this is done, equation (1)
can be solved again yielding the propagation constants λi. The same reasoning is straightforwardly
applied to 2D wave propagation starting from the equations of the 2D WFEM.

3 RESULTS

First, the 1D version of the method is compared to McDaniel’s method [5] on an experimental case.
An aluminum beam treated with a constrained viscoelastic layer is considered. It is exited with a
shaker and the displacement field is measured by a laser vibrometer. The set up is presented in
Figure 1 and the experimental dispersion curves in Figure 2. The method successfully captures the
real part of the wavenumber and even outperforms McDaniel’s method at low frequency. The eval-
uation of the imaginary part comes with more variance compared to McDaniel’s method though it
is similar for both methods. This is to be expected as the former evaluates each frequency indepen-
dently while the latter uses numerical continuation to ensure local minima obtained for adjacent
frequencies are as close as possible. Lastly, the 2D version of the proposed method is applied to
2D wave propagation on a plate modeled using a FEM package with the aim of testing its ability to
deal with directivty in a 2D wave propagation scenario. The results obtained, presented in Figure
3, show that the method can indeed recover all wave propagation features (including K-Space) in
this noiseless case.
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Figure 1: Experimental setup.

Figure 2: Experimental dispersion curves obtained with the proposed method (red dots) and
McDaniel’s method (light blue dots)

Figure 3: Dispersion curve and K-Space obtained using the proposed methodology on a numerical
model.
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4 CONCLUSION

A methodology for 1D and 2D wavenumber extraction was presented. Good experimental results
were obtained in the 1D case while those obtained in the 2D case are promising. The method has
yet to be applied experimentally in the 2D case. Also, its sensitivity to noise remains to be studied
and tested.
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ABSTRACT

An investigation is carried out on structure-borne vibration and noise propagation of tyres’ mod-
els at low frequencies. The idea is to use embedded resonant meta-materials to damp the tyres’
vibrations and thus reduce the transferred energy to the main attached structures. A simplified
tyre model is used, being the investigation of the effects of the embedded substructures the main
target of the work; internal pressure and tyre rotation effects are neglected at this stage. Different
configurations are tested targeting different natural modes of the tyre, while mechanical excitation
is assumed on one section of the tyres. The results show how the proposed designs are a feasible
solution for vibration control.

1 INTRODUCTION

Tyre noise and vibrations are becoming some key comfort parameters in the automotive industry,
even before 40 km/h [1, 2], because of the advent of hybrid and electric power-units [3]. In fact,
the broadband noise distribution coming from an ICE (Internal Combustion Engine) is replaced by
a generally high-frequency tonal whistling, which allows other noise sources, as tyre/road noise,
to become dominant in other frequency ranges. Among these, the tyre noise, is dominant both
in terms of structure-borne and air-borne propagations, respectively before and after 500Hz [4–
6]. The structure-borne contributions derive mainly from the first natural modes of the tyre while
the air-bone ones are mainly due to higher frequency circumferential modes of the tyre [6–9].
Modelling techniques based on finite elements (FEM) are often limited to low frequencies due to
a high computational cost [6, 7]; wave-based approaches are also efficient to investigate the wave
propagation in the tyre [10].

2 PROPOSED DESIGN

To investigate the effect of embedded resonant substructures on tyre vibrations, the configuration
in Fig. 1b is proposed.
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Figure 1: Simplified tyre model with shell elements. Tyre Configuration: a) Bare; b) Resonant.
Target: c) Transversal Vibrations; d) Radial Vibrations.

Figure 2: First four modes of the bare tyre. Transversal Modes: a) 243.6 Hz; b) 338.5 Hz; c) 610.6
Hz. Radial Mode: d) 702.4 Hz.

First, it is fundamental to know the frequencies or frequency bands to target with the em-
bedded substructures. The transversal modes appear in lower band with respect to the mainly radial
ones and thus the resonant configurations will be tuned depending on the needs. A modal analysis
is conducted on the bare tyre configuration using NX NASTRAN shell elements (CQUAD4) and
using more than 20 elements per wavelength at 2KHz. The first four modes of the structure at
illustrated in Fig. 2. The material properties used are: E = 19.8 GPa, ν = 0.32 and ρ = 1850 Kg/m3.

The targets of this work will be the first two modes in Fig. 2, for the transversal vibrations,
and the fourth mode (and higher orders) in Fig. 2, for the radial vibrations. For this reason, when
targeting the transversal motion of the tyre, the concept in Fig. 1c is used, while the one in Fig.
1d is employed when the radial motion of the tyre is targeted too. In the case of Fig. 1c, the first
vibration modes of the embedded beams, which are classic cantilever-beam modes, are in the same
direction of the transversal tyre motion. In the case of Fig. 1d, the resonator behanves as a bridge
structure with two main vibration modes in the transversal direction (cantilever-beam modes of
the pylon) and radial direction (simply-supported beam mode of the deck). The idea is to create
resonance-induced band-gaps around the targeted tyre modes, in order to control vibrations in that
region.
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Figure 3: Average structural mobility of the tyre with and w/o mechanical resonators for transversal
vibration control.

2.1 Force vibrations of resonant configurations

A set of forces normal to the tyres’ plane, in order to simulate a mechanical road input, are used as
white noise load. The response of the tyre is numerically calculated in a set of ten random point
around the tyre and plotted in Figs. 3 and 4. Only structural damping is considered and the effect
of pressure and tyre rotation is neglected.

In Fig. 3, the resonant configuration illustrated in Fig. 2c is tuned once on the first and
once on the second transversal mode of the tyre. Two circumferential rows of 10 resonant elements
are considered in both cases. The results show how the modal peaks in the response are strongly
reduced, even if anti-resonances of the beams appear close to the modal frequencies, increasing the
vibrations compared to the bare configuration. The effects, for both tuning conditions, are identical.
No coupling between the tyre and the beam motion is observed and the resonators behave as classic
TVAs (Tuned Vibration Absorbers) with avery narrow band effect.

In Fig. 4, the resonant configuration illustrated in Fig. 2d is tuned on the first purely radial
mode of the tyre at ≈ 703 Hz and targets also the transversal vibration of the tyre at ≈ 330 Hz. A
single circumferential row of 25 and then 5 resonant elements are considered, with added masses of
≈ 20% and ≈ 3% respectively. The average vibrations of the tyre in Fig. 4 show some main effects.
First, the appearance of band-gaps around the targeted frequency bands with the second transversal
mode of the tyre (≈ 330 Hz) always well damped. In the configuration with five circumferential
resonators, the band-gap opens also around the 600-750 Hz band, allowing a decrease of vibration
levels of 15dBs. On the other hand, the same effect is not achieved when more resonators are added,
since a strong coupling with the tyre dynamics is present, probably given by the excessive added
mass. For this reason, there is a frequency shift to lower frequencies and vibrations are increased
in the 400-500 Hz frequency band.

3 CONCLUDING REMARKS

The effects of embedded mechanical resonators in a tyre compound is analysed in terms of forced
vibrations on a simplified tyre model. Two main configurations are analysed in order to target
two main regions of tyre dynamics, strongly related to the structure-borne and air-borne issues re-
spectively. Numerical simulations are carried out using a FEM approach and average vibrations on
random tyre points are computed. The resonant substructures are observed to be very efficient when
targeting the transversal motion of the tyre, while higher order coupling between the resonators and
the tyre dynamics appears when targeting radial vibrations. The latter effect can be investigated
with a detailed modelling of the tyre.

Further investigations could target the efficiency of the resonant configurations as a function
of the resonators’ shape and added mass.

3
55



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

100 200 300 400 500 600 700 800 900 1000

f [Hz]

-40

-35

-30

-25

-20

-15

-10

-5

A
vg

 S
tr

uc
tu

ra
l M

ob
ili

ty
 [d

B
]

Bare Tyre
Resonant: + 10% Mass
Resonant: + 3% Mass

Figure 4: Average structural mobility of the tyre with and w/o mechanical resonators for radial
vibration control.
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ABSTRACT

The semi-active impedance control techniques can offer new perspectives for acoustic treatment
in the nacelle inlet of the new generation of Ultra-High-By-Pass-Ratio turbofan engines. In this
contribution we present a non-local boundary condition capable of achieving broadband non-
reciprocal propagation in a waveguide, envisaging the possibility of energy harvesting, other than
acoustic transmission attenuation. The non-local boundary control concept is first illustrated ana-
lytically, and then it is implemented experimentally through a liner of electroacoustic devices.
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1 INTRODUCTION

The new generation of ultra-high-by-pass-ratio (UHBPR) turbofan engines have a reduced number
of blades with lower rotational speeds, this shifts the noise signature toward the lower frequencies.
In addition, they present reduced space for the acoustic treatment of the internal walls of the na-
celle. These new requirements and constraints must be accomplished by a new generation of liners.
The main working principle of the classical Single/Multi Degree-of-Freedom liners is the quarter-
wavelength resonance, which limits their performances to narrow frequency bandwidths and make
them cumbersome for low-frequency targeting.
The Active Noise Cancellation (ANC) in the feedback configuration, from the ”electronic sound
absorber” of Olson and May [1] to the ”active equivalent of the λ/4 resonator” of Guicking and
Lorentz [2], further developed by Galland et al. [3], produced interesting results, but can hardly
comply with the complexities of airflow noise cancellation in a UHBPR nacelle, and the problem
of broadband attenuation was still unsolved. The quasi-colocation of pressure sensor and actua-
tor has lead to another approach to the noise attenuation, that is the impedance control strategy.
Boulandet et al. [4] analyzed numerically and experimentally the potentiality of the impedance
control achieved through the adjustement of the loudspeaker membrane velocity, based upon the
pressure measurement and a model of the loudspeaker mechanical dynamics. The main result was
the possibility to tune, relatively easily, the resonance frequency of the loudspeaker and target lower
frequencies. In 2009, Collet et al. [5] proposed a ”generalized” impedance control approach, where
the actuator velocity was function not only of the local pressure, but also of the pressure gradient
along the longitudinal direction of the duct. In this contribution, we take up the same non-local
boundary control as in [5] and analytically and experimentally show the non-reciprocal acoustic
propagation effect. Apart from being a hot topic in metamaterials field of research, acoustic non-
reciprocity can be highly attractive in view of acoustic energy harvesting and broadband noise
mitigation.

2 ANALYTICAL ANALYSIS ON A 1D REDUCED MODEL

The non-local boundary condition proposed in [5] is:

ρ0∂tvn = −∂np =
1

ca
∂tp− ∂xp (1)

where vn is the velocity normal to the boundary and ca is an advection celerity, used as a tunable
parameter of the control. In order to analytically show how this boundary law is capable of pro-
ducing non-reciprocal acoustic propagation, we reduce the waveguide problem to one dimension.
Integrating the wave equation over the cross-section of the waveguide, and applying the divergence
theorem to the integral of the y and z double derivatives (y and z being the dimensions along the
cross section), we get:
∀t ∈ R, x ∈ R,

1

c2
0

∂ttp̃(x, t)− ∂xxp̃(x, t) =
1

S

∮
∂Ω

∂np(x, s, t)ds (2)

where p̃(x, t)= 1
S

∫∫
Ω
p(x, y, z, t)dydz is the mean acoustic pressure over the section Ω, s is a curvi-

linear coordinate along the boundary ∂Ω, and ∂n is the gradient along the outward direction.
Inserting the boundary control law, expressed in Equation (1), in the right-hand side in

Equation (2), it reads:

1

c2
0

∂ttp̃(x, t)− ∂xxp̃(x, t) = −1

d

(
1

ca
∂tpb(x, t)− ∂xpb(x, t)

)
. (3)

Where pb(x, t)= 1
Lp

∮
∂Ω
p(x, s)ds is the mean acoustic pressure field along the boundary con-

tour, and d = S/Lp is the ratio between the cross-section area and perimeter of the waveguide.

2.1 Dispersion relation

We now suppose monomodal acoustic propagation in this waveguide, and drop the tilda above p
and assimilate pb and p. Assuming a time-harmonic wave propagation with angular frequency ω

2
58



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

Figure 1: Left: Unit cell. Right: Prespective of the lined waveguide, with upstream and downstream
microphones for the TL evaluation through the transfer matrix method.

and wavenumber k, we now seek solutions of the form:

p(x, t) = p0e
j(ωt−kx). (4)

Inserting this ansatz in the propagation Equation (3), comes:

(jω/c0)2 − (jk)2 = −1

d
(jω/ca + jk). (5)

In the special case where ca = c0 = c (that is the advection celerity is in tune with the sound
speed), Equation (5) has two solutions: either k(−) = −ω/c, or k(+) = ω/c−j/d. The first solution
corresponds to waves with purely real and negative wave numbers. The group velocity is negative,
and equal to the phase velocity: this type of wave is propagating in the (-) direction (”backward
waves”). Given the purely real wavenumber, they pass through the isolator without attenuation.
The second solution corresponds to waves with Re(k) > 0 that propagate in the (+) direction
(”forward waves”), given their positive group velocity, but with an exponential attenuation. It
is equivalent to an evanescent guided mode, just like a waveguide higher mode under its cut-on
frequency. Therefore, the 1D reduced model of the non-locally boundary controlled waveguide,
shows the non-reciprocal relationship between forward and backward propagation.

3 EXPERIMENTAL IMPLEMENTATION

We now present the experimental results of an application of this boundary control strategy on a
test-bench waveguide of square cross section of 5.5cm side (see Figure 1 on the right), lined with
actively controlled devices which were capable of reproducing the boundary control law expressed
in Equation (1). Evidently, the boundary control law has been discretized in order to be applied
through units of electrodynamic devices. Each unit cell consisted of a loudspeaker (actuator) and
four microphones (sensors) placed at the cell corners, see Figure 1 on the left. Six cells have been
applied on each side of the duct, amounting to 24 cells in total.

3.1 Results

The insertion losses (IL) are plotted in Figure 2 (on the right), for incident waves coming from both
directions. It has been evaluated according to the ASTM E2611-09 standard (single-load transfer
matrix method). The synthesized algorithm for the implementation of the control law was able
to invert the dynamics of the loudspeaker after its first resonance which is between 500 and 550
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Figure 2: Left: 2D sketch of the lined waveguide. Right: Insertion Loss measurements relative to
incident waves directed towards the positive x (forward), and towards the negative x (backward).

Hz for all loudspeakers, that is why the plot is limited to frequencies beyond 550 Hz. The higher
frequency limit (3 kHz) corresponds to the cut-on of the first higher-order duct mode, beyond which
the plane wave assumption for the TL evaluation is not valid anymore. Both the ILs relative to the
forward and backward direction of propagation vary significantly with frequency. This is due to
the modal behaviour of the speaker membrane and the limits of the synthesized control to invert the
loudspeaker proper dynamics. As a consequence, the acoustic isolation (described by the Isolation
Index, IS = 20 log10(|S12/S21|)) is achieved with a variable amplitude: from maxima of 20 dB
to minima of 8 dB, from 550 Hz up to 2800 Hz. The loss of efficiency above 2800 Hz is likely
to be mainly caused by the spacing between the microphones, which is close to half the acoustic
wavelength, thus causing aliasing effect in the pressure evaluation.

4 CONCLUSIONS

In this contribution we analyzed a non-local boundary condition. This boundary law has been
implemented through semi-active electroacoustic prototypes, on a test-bench waveguide. Despite
some limitations due to the practical implementation of the control strategy at its early stage design,
it demonstrates the capability of achieving non-reciprocal acoustic propagation in a much broader
sense with respect to all other present techniques.
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ABSTRACT

The interaction between plate-like structures made of advanced materials (e.g. composite) and en-
closed fluid-filled cavities represents a significant issue in automobile and aerospace design, where
passengers comfort is an important issue. Over the last thirty years, a large amount of work has
been published addressing the vibratory characteristic of structure-cavity systems and, thanks to
this reaserch, the problems connected to the reduction of noise at low frequencies is well known.
Neverthless, there is a lack of reliable and useful numerical models, valid for innovative materials,
able to predict the structural response in low-frequency range. The objective of the present work is
the development of accurate finite element models for the fully coupled vibro-acoustic analysis of
structures made of advanced materials, coupled with enclosed acoustic cavities. In the framework
of the axiomatic 2D theories, the structure is described according to the Carrera Unified Formula-
tion (CUF). The powerful notation of this unified approach permits to obtain a wide class of refined
2D plate theories with a unique formulation, providing an optimal tool to arbitrarily describe the
complicated effects arising from complex plate layouts at both low and higher frequency ranges.
The resulting structural finite element model is coupled with a standard pressure-based finite ele-
ment formulation of the acoustic field. Numerical results are presented for the case of plate backed
by an air-filled and water-filled cavity. Different plate layouts are considered and the results are
compared with the solutions obtained with Actran, a commercial software based on finite element
method.
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1 INTRODUCTION

The physics of a structural domain and of an acoustic domain are dependent on each other: the
vibrations of the structure induce pressure waves in the fluid in contact with it and the pressure
waves that propagate in the fluid cause structural vibrations. In this case, the coupling between the
elastic structure and the enclosed acoustic cavity is total. Since the system is strongly coupled, its
study must be carried out taking into account the natural frequencies and the dynamic response of
the structure. Generally, this type of system is complex to study because of the complex shapes that
the structure can assume. The availability of an efficient numerical tool is a fundamental need.
At present, numerical modeling techniques for coupled plate-cavity systems in the low-frequency
range are based on deterministic approaches. All the system components are small compared to
the wavelength over this range; for this reason, the Finite Element (FE) method is tipically used for
computing the system response. An overview of models adopted to solve the problem in sandwich
structures is provided in [1]. However, as the excitation frequency increases, it can be observed
that the response becomes increasingly sensitive to minor structural modifications, such as mate-
rial properties or boundary conditions. Such a behavior is associated with the shorter structural
wavelengths, resulting in high complex mode shapes. In order to adequately capture the dynamic
behavior over this range, an accurate structural model must be adopted.
Classical 2D models clearly reduce the computational effort, but can also introduce significant er-
rors in the prediction of the dynamic response of multilayered composite structures. Then, more
accurate 2-D plate theories must be accounted to correctly reproduce the complicated effects arising
in these complex structures.

2 GOVERNING EQUATIONS

In this work, the gravity effects are neglected for both acoustic and structural domains. The struc-
tural domain Ωs is represented by a flexible structure and it is in contact with an acoustic cavity that
represents the fluid domain Ωf (Figure 1). The motion of the structural component is described in
terms of structural displacements ui (i = x, y, z). The fluid is assumed to be inviscid, homogeneous
and irrotational. Thereby, the governing equation of the acoustic fluid is represented by the wave
equation, in absence of sound source, expressed in terms of acoustic pressure p.
In order to obtain the finite element formulation for the structural-acoustic problem, the weak form
of the differential equations is derived. Let start with the equations related to the structure:∫

Ωs

δεijσij dV +

∫
Ωs

δuiρsüidV =

∫
Γs

δuifids+

∫
Γs

δuip nids (1)

where ρs is the density of the structure; σij represents the stress tensor related to the linearized de-
formation tensor εij; fi are the external forces applied to the structure and ni is the normal boundary
vector to the contour Γs. This formula is equivalent to the Principal of Virtual Displacement for the
mechanical variables including the coupling term with the acoustic field.
On the other side, the weak formulation of the acoustic problem is:∫

Ωf

δp,ip,i dV +

∫
Ωf

1

c2
f

δp p̈dV =

∫
Γf

δpρf üinids (2)

where Γf is the boundary of the fluid volume and ρf , cf are the density and the sound speed of
the fluid, respectively. This formulation satisfies the Neumann boundary condition applied on the
assumed rigid wall of the acoustic domain.
The primary variables of the vibro-acoustic problem are approximated by means of the Carrera
Unified Formualtion. This formulation gives the opportunity to derive a class of several 2-D the-
ories starting from the definition of a set of thickness functions Fτ in order to approximate the
problem along the thickness z-axis. Assuming the summing convention with repeated index τ , the
displacement vector u(x, y, z, t) can be expressed as follows:

u(x, y, z, t) = Fτ (z)uτ (x, y, t) τ = 0, ..., N. (3)

Then applying the finite element method (FEM), it is possible to express the displacements uτ
and the sound pressure p in terms of nodal displacements U k

τi and pressure Pi through appropriate
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Figure 1: Plate-cavity system.

shape functions N . Thereby, the finite element formulation gives:

ukτ (x, y, t) = N s
i (x, y)U k

τi(t), i = 0, ..., N s
n (4)

p(x, y, z, t) = N f
i (x, y, z)Pi(t) i = 0, ..., N f

n (5)

with the index N s
n number of nodes of structure, for structures variables, and N f

n number of nodes
of fluid, for the fluid variables. The apex k indicates the layer of the plate, since a layer-wise
approach is adopted [2]. Therefore, the CUF theories are indicated with the acronym LWN , where
N is the polynomial order of the Langrangian thickness functions.
Substituting the Equations (3), (4) and (5) in the variational statements (1) and (2), the following
finite element formulation of the coupled vibro-acoustic problem is obtained:[

Ms 0
ρfS

T Mf

] [
Ü
P̈

]
+

[
Ks S
0 Kf

] [
U
P

]
=

[
F
0

]
(6)

Ms and Ks are the mass and the stiffness matrices of the structure; Mf and Kf are representative
of the mass and stiffness matrices of the fluid; S is the spatial coupling matrix and F is the me-
chanical force vector. U and P are the vectors and nodal displacements and pressure, respectively.

3 RESULTS

The test structure in Figure 1 is a square simply supported 1×1m2 plate with thickness t = 0.01m,
backed by a rigid walled cubic cavity of dimensions 1×1×1m3. The mechanical properties of the
plate structure are: 1) Alluminium: Young’s modulusE = 70GPa, mass density ρs = 2700Kg/m3

and Poisson’s ratio ν = 0.35; 2) three-layered composite [0◦, 90◦, 0◦]: E1 = 25GPa, E2 = E3 =
1GPa, G13 = G23 = 0.5GPa, G12 = 0.2GPa and ν13 = ν23 = ν12 = 0.25. The cubic cavity
is filled with air (speed of sound cf = 343m/s and density ρf = 1.2Kg/m3) or water (speed of
sound cf = 1500m/s and density ρf = 1000Kg/m3). A constant amplitude mechanical excitation
of 1N over the frequencies of 0−300Hz, is applied on the FE structural node denoted by point A,
with coordinates (0.25m, 0.35m). The output is calculated in terms of sound pressure level (SPL)
at point B of coordinates (0.75m, 0.75m, 0.75m). A FE mesh of 10× 10× 10 quadratic elements
is used. The dynamic response analysis is performed with both Actran and the LW2 model of CUF.
The comparison of the results is shown in Figure 2 for the alluminium plate with air-filled (a) and
water-filled (b) cavity and in Figure 3 for the multi-layered composite plate with air-filled (a) and
water-filled (b) cavity.

4 CONCLUDING REMARKS

The results obtained for the allunium-air system validate the model based on CUF that completely
agrees with Actran solution. The same solution is also provided in literature [3]. Small differences
with Actran are observed at higher frequencies for the allumium-water system. This demonstrates
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Figure 2: Alluminium plate coupled with: (a) air-filled cavity (b) water-filled cavity.
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Figure 3: Multi-layered composite plate coupled with: (a) air-filled cavity (b) water-filled cavity.

that the quadratic LW model can take into account thickness effects that are not covered by Actran
2D elements. The differences become larger in the case of composite plate, mainly for the water-
filled cavity where the coupling effects are more pronounced. Indeed, the layer-wise model is
able to capture the complex dynamic response of multi-layered structure better than classical 2D
elements that produce some errors reflected in the sound pressure response of the fluid.
Further investigations on sandwich structures with soft core or structures with viscoelastic layers
must be carried out to demonstrate the high potentialities of CUF models in the vibro-acoustic
analysis.
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École Centrale de Lyon, Écully, 69134, FRANCE
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ABSTRACT

A numerical and experimental investigation on the effects of axial and circumferential periodically
distributed stiffeners on shells is conducted in this work. The Inhomogeneous Wave Correlation
(IWC) method is used to characterize the dynamic behavior and the wave propagation in the struc-
tures. The dispersion curves are calculated in two orthogonal directions (axial and circumferen-
tial), capturing the band-gaps related to the geometric periodicity and multi-modal behavior (in
terms of uncoupled flexural stiffeners and skin motions).
The experimental tests are conducted on a stiffened aluminum aircraft sidewall panel under point
mechanical excitations and laser doppler velocimeter acquisition; numerical simulations are com-
puted using punctual harmonic excitation in a Finite Element framework.
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1 INTRODUCTION

The presence of stringers and frames in the longitudinal and circumferential direction of aircraft
fuselages lets assume a certain degree of structural periodicity which, if properly designed, can
give some advantages in the vibroacoustic response. The identification of the dispersion curves
associated to transverse displacements are of fundamental interest since they contain informations
directly related to the vibroacoustic behavior of the structure. An algorithm for the identification of
the complex flexural wavenumber in the broadband frequency range and of the damping loss factor,
named Inhomogeneous Wave Correlation (IWC) method is presented in [1] to describe the wave
propagation in ribbed plates; the method is also used to capture the multi-modal behavior, in terms
of uncoupled plate and stringer flexural propagation. An application of the IWC method to identify
the dispersion curves of a ribbed plate with inner resonance is presented in [2]. The effect of the
internal frames on the vibroacoustic response of an aluminum cylinder is performed by Meyer et
al. [3], providing a better understanding of frames’ influence in the wavenumber domain and on the
dispersion curves, mainly based on the numbers and the spatial distribution of the internal frames.
In this work, numerical and experimental identification of both periodicity-related band-gaps and
multi-modal behavior are obtained for stiffened shells.

2 IWC METHOD FORMULATION FOR CURVED STRUCTURES

The method used to identify the complex wavenumbers is the IWC method for curved structures
[4]. This method makes a correlation between the energy carried on by an inhomogeneous traveling
wave and the total energy of the vibrational field. The helical damped inhomogeneous wave can be
expressed as follows:

w̃kC,θ(x, ϕ) = e−ikC(θ)((x−x0) cos θ+(ϕ−ϕ0) sin θ), (1)

where θ is the angle of propagation, kC = k< + ik= is the complex wavenumber, which
contains both propagation and attenuation informations, and (x0,ϕ0) is the location of the excitation
force. At each frequency f and for a given direction θ, the unknown complex wavenumber kC can
be identified as the location of the maximum of the normalized correlation function, denoting the
point where the measured signal ŵ correlates best with the inhomogeneous wave w̃kC,θ(x, ϕ):

I(kC, θ) =

∣∣∑N
j=1 ŵ(xj, ϕj) · w̃∗kC,θ(xj, ϕj)hjΩj

∣∣√∑N
j=1|ŵ(xj, ϕj)|2hjΩj ·

∑N
j=1|w̃kC,θ(xj, ϕj)|2hjΩj

, (2)

where N is the total number of points, hj is the coherence of the measured signal and Ωj

is the estimation of the punctual surface. The location of the maximum of the correlation function
I(kC, θ) gives the identified complex wavenumber in the specified direction.

3 EXPERIMENTAL SET-UP, NUMERICAL MODELS AND RESULTS VALIDATION

The aluminum panel has dimensions 1.45 m x 1.70 m, with a curvature radius approximatively
of 1.30 m and a thickness of 1.2 mm (Fig. 1). The panel was installed in the GAUS (Groupe
d’Acoustique de l’Université de Sherbrooke) laboratory, at Université de Sherbrooke; the structure
was freely suspended to simulate free boundary condition; the shaker (a Modal Shop Model 2025E)
was placed on an internal frame structure, as shown in Fig. 1a. The excitation was generated using
a white noise signal from 100 Hz to 2000 Hz and the external surface was scanned using a Poly-
tec 3D Scanning Vibrometer, with an acquisition window of approximatively of 0.85 m x 0.95 m,
with 5451 acquisition points (equivalent to a mesh grid of 69 x 79). The experimental results are
validated using the finite element model of the panel, built using ANSYS SHELL181 structural
elements (see Fig. 1b); the numerical displacement field is obtained by a full FE analysis, using
a point harmonic excitation. The multi-modal behavior is well identified in the numerical simula-
tion and experimental test, as shown in Fig. 3a. Two uncoupled wavenumber are identified at the
same frequency: plate flexural and stringer flexural. Some discrepancy between the numerical and
experimental dispersion curves are present in Fig. 3a, mainly due to the modeling choices.

To evaluate the band-gaps due to the periodic distribution of stiffeners, a bare test case
panel is considered, then the stiffeners are applied in the axial and in the circumferential directions,
separately (see Fig. 2). The panels have dimensions 0.60 m x 1.05 m, with a curvature radius

2
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(a) (b)

Figure 1: Set-up and installation for shaker excitation (a) and FE model (b).

(a) (b) (c)

Figure 2: Bare configuration (a), axial (b) and circumferential (c) stiffeners.

R = 1.0 m and thickness equal to 1.2 mm (Fig. 2a). The material properties are chosen similar to
a standard aeronautical aluminum alloy. The stiffeners have T shaped cross-section, with 20 mm
width, 10 mm height and 1.2 mm thickness, and with an inter-spacing of 6 cm; they are modeled
using ANSYS SHELL181 structural elements. For what concerns the axially stiffened panel, when
evaluating the wave propagation in the axial direction (along the stiffeners direction) the behavior
of the structure is dominated by the bending motion of the stiffeners, as shown in Fig. 4a. On
the other hand, when the inhomogeneous wave travels in the circumferential direction it views the
periodic distribution of stiffeners; the global behavior is dominated by the bending motion of the
skin, but a band-gap is observed in the frequency range [720 Hz - 920 Hz] (Fig. 4b). The opposite
behavior is observable for the circumferentially stiffened panel. The dispersion curve calculated in
the orthogonal direction respect to the stiffeners main dimension presents a band-gap from 1030 Hz
to 1380 Hz; the presence of the stiffeners has an influence on the ring frequency, which is identified
at 550 Hz, as shown in Fig. 4a. The dispersion curve in the same direction of the stiffeners is shown
in Fig. 4b; the structural behavior is dominated by the flexural motion of the stiffeners.

4 CONCLUDING REMARKS

In this paper, the Inhomogeneous Wave Correlation method is used to identify the multi-modal
behavior of stiffened aircraft sidewall panel, identifying two dominant wavenumbers at the same
frequency. The band-gaps associated to the periodic distributions of stiffeners are well captured,
together with the global bending behavior of the curved panels. A reduction of the ring frequency
is also observed for the stiffened panels compared to the bare test case.
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Figure 3: Dispersion curves of the aircraft panel: axial (a) and circumferential (b) directions.
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Figure 4: Dispersion curves of the stiffened panels with T shaped stiffeners: axial direction (a) and
circumferential direction (b).
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ABSTRACT

This paper deals with the theoretical, numerical and experimental behavior of periodic orthog-
onally ribbed plates. Theoretical results describing the out-of-plane behavior of cellular plates
involving inner resonance phenomena are derived using an asymptotic approach. In this aim,
the out-of-plane model of beam grid accounting for local bending and torsion is first established
through the method of asymptotic homogenization of periodic discrete media. Then, the coupling
between the beam grid and the internal plates is taken into account. This leads to an explicit
analytical formulation of the equivalent plate model whose effective parameters arise from the ge-
ometrical and mechanical properties of the unit cell. The unconventional features of the flexural
wave dispersion are associated with the local resonances. These theoretical results are success-
fully compared to Wave Finite Element computations. Furthermore, experiments performed on a
mock-up of cellular panel evidence the ability of the homogenized model to describe this complex
dynamic behavior.

69



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

1 INTRODUCTION

The ribbed plates are widely used in structural and mechanical engineering. It is well known that
they can present unconventional wave dispersion or atypical sound transmission and adsorption [1].
The understanding of such complex behaviors have motivated the development of numerical and
theoretical approaches, that take advantage of the periodicity of the structure. Let us first recall
a few references in statics, i) the derivation by [2] of the equivalent orthotropic plates reinforced
by stiffeners, ii) the plate model describing the out-of-plane behavior of periodic beam grid estab-
lished by [3], and iii) the physical analysis of [4] that yields the effective torsional rigidities which
incorporate the interaction between the plate and the stiffeners. In dynamics, numerical approaches
such a WFEM (Wave Finite Element Method) has been used by [5] to determine the free-wave
propagation in a plate stiffened by a grid of orthogonal beams. This method can be improved with
modal reduction techniques as demonstrated by [6] in the case of orthogonally ribbed plates. Ad-
vanced numerical procedure have also been applied to the identification of propagation parameters
in composite structures from experimental measurements. For example, the IWC (Inhomogeneous
Wave Correlation) method introduced by [7] consists in a correlation index which allows extracting
the wavenumber from the experimental data [8].These different numerical approaches provide ac-
curate numerical results provided that he micro-structure is given, but fail to identify the underlying
model that arises from the physics involved within the cell.

Among the theoretical approaches, the homogenization of periodic media [9, 10] is a rig-
orous asymptotic method for up-scaling the physics at micro-scale into a macroscopic model, in
which the effective parameters are fully determined from the periodic cell. The method requires to
consider domains made of a large number of periods, and phenomena evolving at a macroscopic
length of characteristic dimension L significantly larger than the size ` of the cell. The asymptotic
process consists in expanding the field’s variables over the small scale parameter ε = `/L � 1.
The macroscopic model results form the asymptotic process itself, without any assumption on the
nature of the model to be found. This work extends the paper [11] in which a comprehensive
homogenized model has been established for flexural and torsional motion of periodic 1D-ribbed
plates. New theoretical results describing the transverse behavior of cellular plates involving inner
resonance phenomena, are derived using an asymptotic approach, then compared with experimental
measurements

2 DERIVATION OF THE HOMOGENIZED MODEL

The homogenization process is carried out according to the following steps : i) the homogenization
of periodic discrete media method enables to derive the dynamic model describing the transverse
vibration of the beam grid only, ii) the coupling between the beam grid and the internal plates is
then introduced considering that the grid is loaded by efforts and moments exerted by the plates
attached to it, iii) the calculation of the dynamic contribution of the resonant internal plates driven
by the motion of the grid. The explicit dispersion equation is finally obtained. This model is then
enriched considering different internal boundary conditions and added mass.

The up-scaling process is performed through HPDM. The developments proceed into three
steps, namely, the discretization of the dynamic balance, then the homogenization procedure itself
through scale separation assumption and normalization, leading to the continuous model from the
discrete pattern. The macroscopic description of the grid, valid at the dominant order, is the limit
behavior reached for ε→ 0.

Figure 1: Orthogonally ribbed plate with with macro-beams constituting the beam grid G, and focus
on the unit cell Ω made of micro-beams B and internal micro-plate P
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In that case, the stiff ortho-grid conveys the large wavelength, while the soft internal plate
experiences a local resonance. The action of internal plates is introduced in the beam grid model
in the form an external loading constituted by a shear force F and a couple C resulting from the
contact forces. Calculating analytically these terms yield the effective model of the 2-D ribbed
plate that describes the grid behavior enriched by for the locally resonant internal plates.



div(T G) + ω2(ΛG + Λ′
p〈φbc

ω 〉)U = 0 ; ΛG =
Λx

`y
+

Λy

`x
div(M)− T G − ω2JG.grad(U) +Kbc

ω U = 0

M = −

(
ExIx
`y
∂2xU

GyJy
`x

∂x∂yU
GxJx
`y

∂y∂xU
EyIy
`x
∂2yU

)
; J =

(
ρyJy 0

0 ρxJx

) (1)

The inner resonance effect appears through the frequency dependent effective parameters
〈φbc

ω 〉, and Kω
bc both associated with the dynamic motion of the internal plate. They results into a

non conventional apparent mass and a unusual stiffness that links a specific torque to the deflection.

3 EXPERIMENTS ON 2D-RIBBED PLATE

The orthogonally ribbed plate with aluminium stiffeners and polycarbonate plate is depicted in
Fig. 2(a). The velocity field is measured by a scanning vibrometer. The IWC method is used to
extract the wavenumber from the experimental data, as shown in figure Fig. 2(b)

(a) (b)

Figure 2: (a) Orthogonally ribbed plate under study; (b) flexural wavenumber calculated with ho-
mogenized model (−) and estimated from experimental data (−+−)

The good agreement over the whole frequency range in terms of frequency and amplitude
confirms that the inner resonance effect is accurately captured by the homogenized model.

4 CONCLUDING REMARKS

The homogenization method applied to periodic orthogonally ribbed plates with contrasted geomet-
rical parameters and/or mechanical properties allowed to determine their unconventional macro-
scopic behavior. The model is established within the scale separation assumption, and its effective
parameters are fully and explicitly determined from the geometry and mechanical properties of the
plate and stiffeners. It encompasses the atypical flexural dispersion associated with the enriched
local kinematics induced by the inner resonance. These outcomes are successfully compared with
WFEM computations and with experiments performed on two prototypes in different configura-
tions, with IWC post-processing of the data. This shows that the homogenized model correctly
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captures the phenomena, that the study yields reliable design rules.
The present up-scaling method could be further applied on various cell geometries. The

great amount of possible configurations enables tunable singularities of the panel behavior, and
offer the possibility of broadband attenuation.
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ABSTRACT

In this paper, the dynamic behavior and wave propagation of 1D nano-sized periodic structures are
studied. A numerical method called wave finite element method (WFEM) is utilized, which
converting the whole periodic structure into a single unit cell or a small segment of the structure.
Furthermore, the mechanical character of the structure is analyzed depending on second strain
gradient elasticity theory (SSG), which considering the higher order material coefficients. The
dynamic stiffness matrix of SSG model is established by transforming the lattice model with the
nearest-neighbor, next-nearest-neighbor and next-next-nearest-neighbor masses interactions into
SSG continuous model. Subsequently, longitudinal and bending waves in binary nano-sized periodic
structures are calculated by WFEM. Dispersion relations for the longitudinal and bending waves
with SSG, SG and CT methods are discussed.
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1 INTRODUCTION

Periodic structures have been widely studied for their dynamic behaviors and wave propagation [1,
2]. Such as Nano-sized phononic crystals (PCs), which have been being widely investigated due to
their excellent capacities of manipulating acoustic and elastic waves. The approach is based on
Floquet’s principle or the transfer matrix that the wave number is twice to degrees of freedom
(DOFs) at coupling interfaces and can be disassembled into an equal number of positive and
negative-going waves. The main purpose is to get dispersion relations utilizing finite element
method (FEM) [3]. In periodic structures, the dispersion and attenuation characteristics of waves,
known as Bloch waves [4], distinct from those in continuous structures. It is worth noting that the
optimum design and parameter study of the stop band have aroused the extensive researches of
scholars [5, 6].

But for the complex structure, FEM offering no other choice than meshing the whole
structure requires excessive computational time. On the other hand, the mechanical behaviors of
nano-sized structures are greatly different from their behaviors at the macro levels. The surface and
interfaces properties with a very large surface-to-volume ratio have a non-negligible influence on the
mechanical behaviors [7]. The microstructure is the most essential factor to determine the intrinsic
properties of the material. It consists of the atomic structure of each element, the interaction between
atoms and movement of atoms in space. Mechanical properties of materials are closely related to the
microstructures of materials.

Converting the mentioned above study of the whole periodic structure into a single unit cell
or a small segment of the structure called wave finite element method (WFEM) was developed and
completed in various studies [8-10]. The resulting mass, stiffness matrices are then post-processed to
give the dynamic stiffness matrix of the cell. Periodic structure theory is used to build the dynamic
stiffness matrix of the whole structure.

2 METHODANDRESULTS

This paper presents a method based on second strain gradient (SSG) theory [11, 12] and WFEM to
analyse dynamic behaviors of nano-sized periodic structures. A lattice model that considered as a
discrete nano-sized structural basis for gradient continuous model of the SSG theory is discussed. In
order to obtain the SSG continuous model, the lattice model with the nearest-neighbor, next-nearest-
neighbor and next-next-nearest-neighbor interactions with three different coupling constants is
considered. The suggested lattice model gives unified description of the SSG model. And the sign in
front each gradient is determined by the relation of the coupling constants of the nearest-neighbor,
next-nearest-neighbor and next-next-nearest-neighbor interactions.

Subsequently, based on the relationship between coupling constants and higher order
material coefficients, the element stiffness matrix is established utilizing the direct stiffness method.
Then the global stiffness matrix D of a unit cell will be assembled by individual element stiffness
matrices. Because of the cell coupling actions are supposed to be confined to its left and right
boundaries only, a new global dynamic stiffness matrix D of a cell is obtained after eliminating the
interior DOFs. The right boundary of a cell related to the left boundary can be expressed by a
transfer matrix S. Finally, the dynamic behaviors of the one-dimensional nano-sized periodic
structures are discussed after solving the eigenvalue problem of transfer matrix S.

The dynamic equation of SSG theory extended from SG theory [13] for one-dimensional
nano-sized rod is given as:

         
2 2 4 6

2 4 62 2 4 6

, , , , 1u x t u x t u x t u x t
G G G f x

t x x x 
   

   
   

, (1)

74

https://www.sciencedirect.com/topics/physics-and-astronomy/wave-propagation
file:///D:/%E6%9C%89%E9%81%93/Dict/8.5.1.0/resultui/html/index.html
file:///D:/%E6%9C%89%E9%81%93/Dict/8.5.1.0/resultui/html/index.html
file:///D:/%E6%9C%89%E9%81%93/Dict/8.5.1.0/resultui/html/index.html
file:///D:/%E6%9C%89%E9%81%93/Dict/8.5.1.0/resultui/html/index.html
file:///D:/%E6%9C%89%E9%81%93/Dict/8.5.1.0/resultui/html/index.html


MEDYNA 2020 17-19 February 2020, Napoli (Italy)

3

where   2
2 4 6

2

4 9
=
K K K d

G
m

  ,   4
2 4 6

4

16 81
=

12
K K K dG

m
  ,   6

2 4 6
6

64 729
=

360
K K K dG

m
  , ρ is density of rod.

The relationships between spring tension stiffness constants and higher order material
coefficients are defined as:
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where  2 1 2 3 4 52B a a a a a     ,  3 1 2 3 4 5 6 72B b b b b b b b       ,  4 1 2 32B c c c   , E is the Young’s
modulus, A means cross sectional area of the rod, ai, bi, ci represent the higher order material
coefficients.

On the other hand, the dynamic equation of SSG theory for one-dimensional nano-sized
Euler beam is given as:

       2 4 6 8

4 6 82 4 6 8

, , , ,
+ ( )
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mass of the beam.
The relationships between spring tension stiffness constants and higher order material

coefficients are defined as:
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where 1 1 2 3 4 52 ( 3 )I EI A a a a a a      ,  2 1 2 3 4 5 2 4 5 62 4 ( 2 )I I a a a a a A b b b b         ,

 3 1 2 3 4 5 6 72I I b b b b b b b       ,  4 1 2 33I I c c c   .
The dispersion relations of a rod and bending Euler beam for SSG, SG and CT are illustrated

in Fig. 1 and Fig. 2.

Fig. 1 Dispersion relation for longitudinal waves Fig. 2 Dispersion relation for bending waves

As shown in Fig. 1 and Fig. 2, the dispersion relation issued from SSG is compared to those
calculated with SG and CT. The stop band frequencies range is bigger than SG and CT. SSG
method taking into account higher order material coefficients more authentically reflects the
mechanical properties of structures. Electrons or waves need more energy to transmit into the pass
band from stop band.
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3 PERSPECTIVES

Nano-sized periodic structures have been widely studied for their dynamic behaviors and
wave propagation. Such as phononic crystals (PCs), which have been being widely investigated due
to their excellent capacities of manipulating acoustic and elastic waves. Studies of PCs were mainly
concentrated on the existence and applications of the band gaps (BGs), which are frequency ranges
where wave propagation is prohibited.
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ABSTRACT 
 

Metastructures with resonators are effective in wave attenuating due to band gaps, but it is still a 

challenge to realize low frequency multi-mode vibration suppression. A new low frequency multi-

mode (LFMM) resonator, which consists of two-stage high-static-low-dynamic stiffness oscillators is 

proposed in this paper. The theoretical model of metastructure beam with LFMM resonator is 

established and band structures are obtained by the Plane Wave Expansion Method (PWEM). Then, 

the Wave Finite (WFEM) is combined with Periodic Structure Theory (PST) to calculate the forced 

response of the metastructure beam. WFEM is a powerful numerical tool of structure dynamics, which 

converts the study of the whole periodic structure into a single unit cell or small segment of the 

structure. Numeric results show that multiple low frequency band gaps are generated, in which the 

forced response is suppressed obviously, which means analytical and numerical method validate each 

other. Furthermore, dynamic analysis of a simplified unit cell show that number and location of band 

gaps is determined by LFMM resonator, which can be adjusted by configuring the physical 

parameters of the oscillators based on needs. Finally, the influence of mass ratio and damping of 

LFMM resonator on band gaps is also analyzed.  
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1 INTRODUCTION 

Recently, artificial periodic composites known as phononic crystals, metamaterial and metastructure 

have received amount of attention [1-2]. Such structures feature the capability of attenuating waves 

within some frequency ranges, called stop bands or band gaps. Local resonance mechanism [3] creates 

band gaps with lattice constant two orders of magnitude smaller than the relevant wavelength, which 

makes it applicable in vibration suppression. A large amount of work has been carried out and is 

documented in the comprehensive review article [2].  

In some engineering fields, one frequently needs to suppress vibration of a structure in the 

low-frequency (even ultra-low-frequency) domain. It is a natural way to design resonator with low 

resonant frequency since the frequency range of the band gap of metastructure based on local 

resonance mechanism is determined by the resonant frequency of the resonators [3]. Traditionally, 

there are two measures to achieve this goal, they are reducing stiffness and increasing mass, 

respectively. Unfortunately, reducing stiffness weakens the bearing capacity of the structure and 

increasing mass may make the system too heavy. In recent years, the conception of negative stiffness 

has been introduced to realize low frequency vibration isolation of a structure. In classical negative 

stiffness mechanism, two oblique compressed springs, which can provide negative stiffness, are used 

to counteract the stiffness provided by a vertical spring so as to yield very low dynamic stiffness in 

the vibration state [4,5]. Zheng et al [6] designed a high-static-low-dynamic stiffness isolator by using 

a negative stiffness magnetic spring. Zhou et al [7] developed a metastructure beam based on local 

resonator with high-static-low-dynamic stiffness. 

Aiming to suppress multiple low frequency modal vibrations of a structure, the low frequency 

multi-mode (LFMM) resonator based on two-stage high-static-low-dynamic (HSLD) stiffness 

oscillator is proposed in this work. With the beam as a considered host structure, the theoretical models 

for an infinite metastructure beam and finite metastructure beam equipped with LFMM resonators are 

deduced. Furthermore, the band gap structure and forced response are compared numerically and the 

parametric influence studies are also carried out to provide a basic guideline for optimal design of a 

metastructure beam. 

2 LFMM RESONATOR 

The configuration of an LFMM resonator is shown in Figure 1(a), which consists of two-stage HSLD 

stiffness oscillators. In addition, a classical negative stiffness mechanism, which is made up of two 

oblique compressed springs of identical stiffness is introduced to each oscillator. Two oblique 

compressed springs are adjusted to be horizontal at the static equilibrium position and can provide 

negative stiffness in the vertical direction when the mass vibrates around its equilibrium position. 

Since the mass block is supported by the vertical spring of relatively large stiffness in the static state, 

each oscillator features the HSLD stiffness. With this configuration, it can be anticipated that the 

LFMM resonator processes multiple low frequency modes by an elaborate design of physical 

parameters of each oscillator. 

 
(a)                                                                           (b) 

Figure 1. Configuration of an LFMM resonator. 
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The dynamic characteristics of the LFMM resonator can be described with the help of a single 

HSLD oscillator, as shown in Figure 1(b). 

In the author’s previous works [8], the linearized dynamic stiffness of high-static-low-dynamic 

stiffness oscillator is deduced as 

𝑘𝑑𝑗 = 𝜂𝑗𝑘𝑣𝑗. (1) 

The constant coefficient 𝜂𝑗 denotes the proportion of the residual stiffness of the oscillator in 

the vertical direction, which can be designed by adjusting synthetically the physical parameters of 

oscillators. Thus, the LFMM resonator is equivalent to a linear system.  

Here, the physical structure of a LFMM resonator when number of oscillators i.e. g=3 is 

illustrated in Figure 3(a). The LFMM resonator is constructed of four main parts: supporting plates, 

mass block, negative stiffness mechanism and external frame.  

 
(a)                                                                            (b) 

Figure 3. Physical structure of LFMM resonator and metastructure beam 

3 METASTRUCTURE BEAM WITH LFMM RESONATOR 

A beam periodically equipped with LFMM resonators is shown in Figure 3(b).  

3.1 Plane wave expansion method 

Plane wave expansion (PWE) method is an analytic method for continuous systems, which is to 

expand the solution field and the material properties in a Fourier series, and then invoke orthogonality 

of the basis of the bases functions to solve individually the introduced solution coefficients [2]. In this 

case, PWE method is adopted to calculate band gap structure of metastructure with LFMM resonators. 

3.2 Wave finite element method 

The wave finite element method (WFEM) is a promising numerical tool of structural dynamics [9]. 

Based on periodic structures theory [10], WFEM converts the study of the whole periodic structure in 

to a single unit cell or a small segment of the structure. Conventional FE software packages can be 

used for modelling. WFEM can calculate the wave propagation properties and forced frequency 

response. In this case, the WFEM is also adopted and the results from analytic method and numerical 

method validate each other. 

3.3 PARAMETRIC EFFECT STUDIES 

Parametric effect studies can be carried out by the previous mentioned method. Mass ratio and 

damping are important physical parameters of LFMM resonators. The influence of the mass ratio and 

damping on band structure are studied.  
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4 CONCLUSION 

Conceptual model and physical structure of a low frequency multi-mode resonator were proposed in 

this paper, which features by multiple low natural frequencies and can be adjusted according to the 

design objective. Theoretical models for metastructure beam with LFMM resonators are established, 

and the band gap structure and forced frequency response is calculated by plane wave extension 

method and wave finite element method, respectively. Besides, the influence of mass ratio and 

damping ratio on band gap structure are studied, providing a guideline for design of metastructure 

beam with LFMM resonators. Results show that multiple low-frequency modal resonances of the 

beam can be suppressed by periodically equipping it with LFMM resonators. 
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ABSTRACT

Several similitude methods have been developed for vibroacoustic analyses in order to transfer the
noise and vibration responses from a scaled structure to its original or from one machine size to an-
other one. Current research enhances vibroacoustic similitude analysis methods towards distorted
similitude, e.g., due to different scaling factors of the geometrical dimensions. However, the perfor-
mance of different similitude analysis methods has not been analyzed yet, particularly, in case of
distorted similitude. Thus, this paper is concerned with the analysis of the performance of two dif-
ferent similitude methods. The first one is called ”similitude and asymptotic models for structural-
acoustic research and applications” (SAMSARA), and the second one is called ”similitude and
sensitivity analysis for laboratory vibro-acoustics and basic investigations on model-scaling (SIM-
SALABIM). Two different measures are introduced in this paper that are used to assess the per-
formance of these similitude methods in terms of accuracy. The performance is then analyzed for
distorted rectangular plates. Numerical investigations show that SAMSARA and SIMSALABIM
perform sufficiently well in case of distorted similitudes. However, further research is required to
define the limits of application of the scaling laws obtained from SAMSARA and SIMSALABIM.
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1 INTRODUCTION

Similitude analyses use scaling laws in order to scale up (or scale down) noise and vibration re-
sponses from a scaled structure to its original or to transfer the responses from one machine size
to another one within a size range. Several similitude analysis methods have been introduced for
structural engineering including vibroacoustics [1]. These methods perform well in case of com-
plete similitude conditions, i.e., all geometrical dimensions are scaled by the same factor and the
scaled structure and the original one have the same damping. However, distorted similitude condi-
tions limit the use of scaling laws in practice since geometrical dimensions are usually scaled by
different factors and the damping of the scaled structure differs from that of the original one [2, 3].
This causes the vibration responses replicated from the scaled structure to differ from the actual
vibration responses of the original structure.

This paper aims at analyzing how different similitude analysis methods perform in case of
distorted similitude conditions. The first similitude analysis method has been developed by DE
ROSA and FRANCO [4]. It uses a generalized modal approach to derive scaling laws and is called
similitude and asymptotic models for structural-acoustic research and applications (SAMSARA).
The second one has been developed by ADAMS [3, 5]. It uses sensitivity analysis to derive scal-
ing laws and is called similitude and sensitivity analysis for laboratory vibro-acoustics and basic
investigations on model-scaling (SIMSALABIM1). Several measures are introduced in order to
assess the performance of the similitude methods in terms of accuracy of the replicated vibration
responses. Previous studies show that different accuracy measures lead to different conclusions on
the accuracy of the replicated vibration responses [6]. This paper uses the HAUSDORFF distance
[7] and the MAHALANOBIS distance [8] as accuracy measures. They have been introduced for
similitude analyses in [2] and [3], respectively. The accuracy measures are analyzed for vibrating
rectangular plates that are scaled by different factors in length, width, and thickness. The vibration
responses are obtained from finite element (FE) analyses.

2 SCALING LAWS

The scaling laws are defined for a distorted similitude of rectangular plates using SAMSARA and
SIMSALABIM. The original rectangular plate is referred to as parent, labeled (p), while the dis-
torted scaled rectangular plates are referred to as avatars, labeled (a). Details on both methods
can be found in [4] and [3, 5], respectively. This section presents the scaling laws for the surface-
averaged squared RMS2 vibration velocity ṽ2(f) of rectangular plates, which depends on the fre-
quency f . The scaling factors of the plate’s length, width, and thickness are

φa =
a(a)

a(p)
, φb =

b(a)

b(p)
, and φt =

t(a)

t(p)
, (1)

respectively.

2.1 SAMSARA

Applying SAMSARA to vibrating rectangular plates yields

ṽ2
(a)

ṽ2
(p) = φv = (φaφbφtφf )

−2 , (2)

which is the scaling law for the magnitudes of the surface-averaged RMS vibration velocity. The
scaling factor for the frequency reads

φf =
f (a)

f (p) = φtφ
−2

l , (3)

where
φl =

1

2
(φa + φb) . (4)

1also famous magic words: https://en.wikipedia.org/wiki/Magic word
2RMS: root mean square
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2.2 SIMSALABIM

Applying SIMSALABIM to vibrating rectangular plates yields

ṽ2
(a)

ṽ2
(p) = φv = φ−4

t . (5)

The scaling law for the frequency obtained from SIMSALABIM equals Eq. (3), where φl is calcu-
lated according to Eq. (4). Note that Eq. (2) equals Eq. (5) in case of complete similitude conditions
(φa = φb).

3 NUMERICAL RESULTS

This paper exemplifies the results for a cantilever aluminum plate that has been investigated in [2].
The dimensions of the parent are a = 570mm, b = 400mm, and t = 2mm. The material proper-
ties are: YOUNG’S modulus E = 70.59 · 109 N m−2, POISSON’S ratio µ = 0.33, and mass density
ρ = 2676 kg m−3. An FE model is used to calculate the surface-averaged RMS vibration velocity.
Two harmonic forces of |F1| = |F2| = 1N magnitude are applied to the FE model and cause the
cantilever plate to vibrate. The forces act at the dimensionless coordinates (0.885a, 0.161b) and
(0.885a, 0.839b), respectively. Three avatars a1 through a3 are investigated. The scaling factors φa

and φb are 0.50 and 0.60 for avatar a1, 0.60 and 0.50 for avatar a2, and 0.62 and 0.65 for avatar
a3. The scaling factor φt equals 1.0 for all avatars. The results are plotted in Fig. 1. The vibration
velocities replicated by SAMSARA and SIMSALABIM are identical, although the scaling laws
obtained from SAMSARA and SIMSALABIM differ, cf. Eqs. (2) and (5). The scaling factors φl
equal 0.55, 0.55, and 0.64 for the avatars a1, a2, and a3, respectively. Thus, they are close to the
scaling factors φa and φb. Consequently, the length and the width of the avatars are weakly distorted
only. However, the replicated vibration responses (obtained from SAMSARA and SIMSALABIM)
somewhat differ from those of the FE calculation due to the distorted similitude. At some frequen-
cies the replicated levels of the vibration velocity agree well with those of the FE calculation, e.g.,
at 58 Hz and 54 Hz of avatar a1 and a2, respectively, which can be seen in the top and the middle
plot of Fig. 1. The replicated vibration velocity of avatar a3 agrees sufficiently well with that of
the FE calculation since avatar a3 is distorted to a lesser extent than the avatars a1 and a2. Thus, it
is closer to complete similitude conditions, where the replicated vibration responses usually agree
well with the calculated ones. Table 1 shows the performance of SAMSARA and SIMSALABIM
in terms of the HAUSDORFF distance and the MAHALANOBIS distance. Comparing the distance
measures obtained for SAMSARA and SIMSALABIM shows that they are almost identical, which
again confirms that SAMSARA and SIMSALABIM perform in the same manner. The distances
calculated for avatar a3 are smaller than those of a1 and a2, which confirms that the vibration
velocity of avatar a3 can be more accurately replicated than that of the avatars a1 and a2.

Table 1. distance measures of the replicated vibration velocities of the avatars
HAUSDORFF distance MAHALANOBIS distance

avatar SAMSARA SIMSALABIM SAMSARA SIMSALABIM

a1 62.29 62.29 0.035 0.034
a2 243.40 243.40 0.032 0.033
a3 44.94 44.94 0.010 0.010

4 CONCLUSIONS

The similitude analysis methods SAMSARA and SIMSALABIM replicate the vibration velocities
of the avatars a1 through a3 in the same manner. Future research will investigate the limits of
application based on the HAUSDORFF distance and the MAHALANOBIS distance. This will require
further FE analyses, where the rectangular plates are distorted to a higher extent than those in this
paper. Furthermore, the limits of application also need to be validated by means of experimental
investigations on distorted rectangular plates.
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Figure 1. levels of the mean squared RMS velocity versus frequency (re 5 · 10−8 m s−1)
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ABSTRACT

Efficient and reliable Structural Health Monitoring (SHM) systems are required for structural
damage detection of composite materials used in aeronautic and aerospace domains. In this
work, a simulation-based health monitoring of a composite sandwich structure using convo-
lutional neural networks (CNN) is reported. The goal of the study is to predict and localize
crack-type damages in composite sandwich plates. A squared plate constituted of two thin com-
posite faces in carbon/epoxy and a thick honeycomb core in Nomex is modelled by commercial
software. Cracks are designed through the core and the top face sheet by disconnecting local
nodes and the dimension of cracks is properly chosen so that the interaction of the propagated
signal with the damage is detectable. Excitation pulse signals are applied on the actuator on
one corner of the plate surface to stimulate vertical displacement. Raw vibration response sig-
nals are collected from three sensors located at other corners and are then transformed into
2D images by continuous wavelet transform, which are used as input to the CNN for training
and test of the network. The proposed method is proven to be able to detect and localize crack
damages in composite sandwich plates with an acceptable accuracy.
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1 INTRODUCTION

Advanced composite materials have been widely used in different areas, including aerospace,
medicine, machinery, construction and other industries due to the characteristics of light weight,
good ductility, corrosion resistance, heat insulation, sound insulation, shock absorption and high
(low) temperature resistance, etc. These features typically meet the material requirements in
specific working environments. In civil aviation, aircraft weight reduction means less fuel is
consumed and more cargo can be loaded, resulting in considerable profits and more environ-
mentally friendly transport form. It is estimated that one ton of saved mass translates into a
saving of 6,000 tons of kerosene over the lifetime of an aircraft [1]. Considering that under
proper maintenance an aircraft can be used for more than 20 years. Even if the aircraft weight
reduction is 1%, the profit can be considerable. However, due to the synthesis method of com-
posite materials, they are susceptible to several structural damages, such as fiber fracture, matrix
crack and delamination. These damages are usually caused by fatigue and impact events. In
the early stage of the damages, they are very small and barely visible to visual inspections, but
they could further lead to disasters, especially for aircrafts, causing huge loss of people lives
and money. As a result, the development of Structural Health Monitoring (SHM) systems has
been considerable concerns in the last 2 decades.

The definition of Structural Health Monitoring is given by D. Balageas et al. [2]: SHM
aims to give, at every moment during the life of a structure, a diagnosis of the ”state” of the
constituent materials, of different parts, and of the full assembly of these parts constituting the
structure as a whole. A general process of SHM involves collecting relevant data, which is the
structure response, from an array of sensors attached on the structure. Then necessary signal
processing is carried out for the purpose of data reduction and key feature extraction from these
measurements. Finally, the healthy state of the structure is determined by statistical analysis of
these features.

In SHM, two of Nondestructive Testing (NDT) methods, vibration-based technique and
guided wave-based technique have been developed for the extraction of damage-sensitive infor-
mation about the health state of structures. They are the most commonly used among others.
NDT methods have been successfully applied in SHM for honeycomb sandwich beams [3],
composite sandwich plate [4], concrete plate and steel plate [5, 6], and railway bridges [7].
To have a higher accuracy in damage detection, combination of vibration-based and guided
wave-based approaches was proposed by Maciej Radzienski et al. [8].

However, the limitations of these methods are obvious: firstly, they are time-consuming
and labor-intensive. Secondly, there will be high requirements of expertise for practitioners,
especially for complex structures, which is not always available. With the development of Arti-
ficial Intelligence (AI) in the last two decades, especially deep learning, the problems encoun-
tered in the traditional approaches have been solved. Deep learning approaches are increas-
ingly applied in SHM in various engineering sections including bearings, rotating machines,
bridges, steel frames, etc. To the authors’ knowledge, although there are some related studies
of SHM for composite materials, the research in this area is very scarce, and there is no attempt
to apply deep learning in SHM for composite sandwich structures. In this work, a simulation-
based health monitoring of a composite sandwich structure using convolutional neural networks
(CNN) is reported. The goal of the study is to predict and localize crack-type damages in com-
posite sandwich plates.

2 METHOD AND RESULTS

Convolutional Neural Networks (CNN) is a powerful deep learning algorithm in computer vi-
sion which is commonly used in image classification, face recognition, video analysis, etc. In
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CNN-based SHM system, feature extraction and classification are combined in one computation
body, which improves the efficiency and reliability of the learning process. A CNN interprets an
input as hierarchical representations by learning features in a series of hidden layers. In CNN,
there are basically three types of layers: Convolution layer, Pooling layer and Fully connected
layer, as shown in Figure 1. The convolution layer is used to extract low-level and high-level
features; the pooling layer is used to reduce size and speed up computation; the final fully
connected layer is used for classification.

Figure 1. Architecture of the proposed CNN.

In the present study, a honeycomb sandwich plate consisting of a honeycomb core and
two skin plates is constructed in commercial software ANSYSr. Crack damage is designed
through the core and the top face sheet in the sandwich structure and investigation of the capa-
bility of detecting this kind of damage is conducted. 6 cracked models are constructed within
each the damage locates at different positions. Random pulse excitation signals with 7 cycles
are applied to the pristine and 6 cracked cases of composite sandwich plates to stimulate ver-
tical displacement. Transient analysis is performed. Damping coefficients are set as follows:
matrix multiplier is set as α = 0 and stiffness matrix multiplier as β = 6.37 × 10−7. The
calculation time is set as 0.01s, which is long enough for the wave to propagate through the
whole plate. The sampling frequency fs should be no less than 2 times the signal frequency f
according to the Nyquist’s rule. Raw 1 dimensional vibration response signals are collected and
pre-processed by continuous wavelet transform (CWT) into 2 dimensional images containing
both time and frequency information, which in turn are fed into CNN for training and test.

The filters and bias are randomly initialized. Stochastic gradient descent with momen-
tum (SGDM) optimizer and Adam optimizer are adopted respectively. The models are trained
with a mini-batch size of 32. The effect of initial learning rate, input size as well as training
epochs on the classification accuracy are investigated. The architecture of the proposed CNN
model is shown in Figure 1. Results show that the model with Adam optimizer, input size of
656*656*3, mini-batch size 32, initial learning rate 10−5, and training epochs 28 achieves a
classification accuracy 95.47%, which is acceptable and is better than others.
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3 PERSPECTIVES

The proposed CNN-based structural health monitoring approach achieves an acceptable clas-
sification accuracy for damage detection of a composite sandwich plate. The work could be
further improved in these aspects:

• Interpretation of the inputs.

• Improvement of the CNN architecture:hidden layer numbers, filter numbers in each layer,
filter size, etc.

• Determination of the sensitivity of the proposed method
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[2] D. Balageas, C.P. Fritzen, and A. Güemes. Structural health monitoring, volume 90. John
Wiley & Sons, 2010.

[3] K. Zhu, M. Chen, Q. Lu, B. Wang, and D. Fang. Debonding detection of honeycomb
sandwich structures using frequency response functions. Journal of Sound and Vibration,
333(21):5299 – 5311, 2014.

[4] A. Katunin. Vibration-based spatial damage identification in honeycomb-core sandwich
composite structures using wavelet analysis. Composite Structures, 118:385 – 391, 2014.

[5] C.R. Farrar, S.W. Doebling, and D.A. Nix. Vibration-based structural damage identification.
Philosophical Transactions of the Royal Society of London A., 359(1778):131–149, 2001.

[6] W.L. Bayissa, N. Haritos, and S. Thelandersson. Vibration-based structural damage iden-
tification using wavelet transform. Mechanical Systems and Signal Processing, 22(5):1194
– 1215, 2008.

[7] E.K. Chalouhi, I. Gonzalez, C. Gentile, and R. Karoumi. Vibration-based shm of railway
bridges using machine learning: The influence of temperature on the health prediction. In
International Conference on Experimental Vibration Analysis for Civil Engineering Struc-
tures, pages 200–211. Springer, 2017.

[8] M. Radzienski, M Cao, X Wei, P Kudela, and W Ostachowicz. Combined vibration and
guided wave-based approach for composite panels health assessment. In Tribikram Kundu,
editor, Health Monitoring of Structural and Biological Systems 2017, volume 10170, pages
499 – 506. International Society for Optics and Photonics, SPIE, 2017.

4 88

http://www.senat.fr/rap/r12-658/r12-65815.html#toc224
http://www.senat.fr/rap/r12-658/r12-65815.html#toc224


MEDYNA 2020: 3rd Euro-Mediterranean Conference on Structural Dynamics and Vibroacoustics
17-19 February 2020, Napoli (Italy)

WAVE REFLECTION AND TRANSMISSION ANALYSIS
THROUGH COMPLEX ROD BASED ON SECOND STRAIN

GRADIENT THEORY

G. Zhu1, M.Ichchou1*, A. Zine2 and C. Droz1

1Vibroacoustics & Complex Media Research Group, LTDS - CNRS UMR 5513, Centre Lyonnais
d’Acoustique CeLyA
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ABSTRACT

Complex media is widely used in many industries. Typical examples include composite structure
applied in aerospace, automotive industries and civil engineering. Co-dynamic behavior of multi-
scale characters can be observed in complex media especially when the deformation wavelength
is comparable with its internal characteristic size. In previous work of this research, multi-scale
modelling of complex rod has been established with employing Mindlin’s Second Strain Gradient
theory. Wave propagation behavior in complex rod has been discovered to be significantly different.
In the presented work, longitudinal wave transmission through a certain length of complex rod is
investigated. Equilibrium on the interface between homogeneous rod and complex rod is developed
based on force and higher order forces equilibrium as well as the continuity of displacement. Ac-
cording to the form of transfer matrix, transmission and reflection coefficients are highly dependent
on all the material constants of the complex rod, wave propagation length and frequency. In the
numerical calculation, transmission coefficient can approach to ‘0’ or to ‘1’ in some frequency
range with some predefined material constants. The presented work is instructive in design of com-
plex media and also in identify an equivalent model to classical homogeneous rod with ability of
capturing the multi-scale behavior.
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1 INTRODUCTION

Complex media consists of numerous small-sized heterogeneous components. In structural vi-
bration, dynamic behavior will co-exist at both the macro-scale of the whole structure and the
micro-scale of each heterogeneous components. Under some frequency, the co-dynamic behavior
of multi-scale characters plays a major role in governing the material properties.

To capture local behavior of heterogeneity and describe the co-dynamics of multi-scale
characters, one solution is enriching the classical theory with the micro-structure details explic-
itly included in the constitutive equation. This theory is know as ‘generalized continuum theory’.
Generalized continuum theory can be cataloged into 3 different branches namely the higher order
theory, the higher gradient theory, and non-local elasticity theories. The basic idea of the gener-
alized continuum theory is to establish a relationship between macroscopic mechanical quantities
and microscope physical quantities within the framework of continuum mechanics by enriching the
conventional elasticity theory with internal length, which can characterize the underlying micro-
structure from the constitutive equations.

Generalized continuum elasticity theory based modelling has been successfully applied by
many researchers in complex media analysis. Among the others, Joseph et al. [1] established an en-
riched beam model based on strain gradient theory [1] to study the large deflections and fracture be-
havior of double cantilever beam. Tsiatas [2] and Thai [3] developed non-classical Kirchhoff plate
model and Mindlin plate model based on Modified couple stress theory to investigate nonlinear
deformation of bending, buckling, and vibration responses of micro-plates. Recent work by Suiker
et al. [4] predicted dispersive body waves based on the proposed second-gradient micro-polar for-
mulation. Wave propagation characteristics are also investigated by Gopalakrishnan [5] using the
Erigen’s stress gradient model and Mindlin’s strain gradient model with atomistic length scale pa-
rameters brought into the continuum governing equations. These scale parameter are proven to
significantly affect the wave propagation referring to the dispersion relation the escape frequency,
phase speeds and group speeds in the structures. Placidi et al. [6] studied reflection and transmis-
sion of compression and shear wave in second-gradient continua. They noticed that the effect of
the second-gradient parameter are important for the reflection and transmission coefficients at sur-
faces of discontinuity. Dell’Isola et al. [7] deduced the mechanical energy equilibrium for second
gradient material, based on which they estimated that the reflection and transmission coefficients
at plane displacement discontinuity surfaces are significantly frequency-dependent. Li et al.[8, 9]
predicted that the reflection and transmission coefficients at the interface of two generalized me-
dias are not only dependent of the micro-structure’s parameters, but also of the incident angular
frequency. This phenomenon only becomes pronounced when the incident wavelength is close to
the characteristic length of the micro-structure.

The ‘Second Strain Gradient theory’ (SSG theory) is proposed by Mindlin [10] in 1965
with introducing the second and third derivatives of the displacement into the strain energy density
along with the classical strain tensor. SSG theory based rod model has been developed to investigate
its wave propagation features. In the presented work, reflection and transmission of longitudinal
wave through a certain length of complex media analyzed with the SSG theory based on the rod
model. Reflection of transmission coefficients are calculated. The influence of local behavior of
heterogeneity is discussed with comparing the results from SSG theory model and classical theory
model, some potential applications of complex media are introduced.

2 TRANSMISSION OF LONGITUDINAL WAVE THROUGH COMPLEX MEDIA

Figure 1: Reflection and transmission of longitudinal wave through SSG theory media
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As shown in figure 1, longitudinal wave Ui normally inject on interface SA, part of the incident
energy is reflected, and the remaining energy is transmitted to rod 2. Assuming the longitudinal
wave in rod 1 and rod 3 is kc, the incident wave with amplitude of “1” can be expressed as Ui =
ei(ωt−kcx). Based on the previous research, 3 wave modes can be generated by the disturbance in
SSG theory based rod: non-classical longitudinal wave k1 and two evanescent waves k2, k3. State
vector X is defined with including all the kinetic parameters and force components in SSG theory
media. The state vector on the right hand of the studied interface SA can be given as

XA
+ =

[
uA

+,
∂uA

+

∂x
,
∂2uA

+

∂x2
, P0, P1, P2

]T
S=SA

+

.

All the components can be expressed in forms of wave superposition. Then we can achieve the
state vector in form of

XA
+ = MA ·UA (1)

in which UA represents the vector consist of all modes, and MA represents the coefficient matrix.
Similarly, the state vector on the left hand of the studied interface SB can be given as

XB
− = MB ·UB = MA · diag

(
e−ik1d, eik1d, e−ik2d, eik2d, e−ik3d, e−ik3d

)
·UA (2)

Comparing expression (1) and (2), we can have

X−B = M ·XA
+ (3)

in which transfer matrix M = MA · diag
(
e−ik1d, eik1d, e−ik2d, eik2d, e−ik3d, e−ik3d

)
· MA

−1. For
certain kinds of materials and propagation distance d, transfer matrix M can be determined.

Assuming the transmission coefficient is Ct and the reflection coefficient is Cr, the state
vectors on the left hand of section SA and right hand of section SB in classical media can also be
expressed out. If the interface does not dissipate energy, X−B = X+

B and X+
A = X−A. Then

X+
B =


Cte

−ikcd

u′+B
u′′+B

−ikcCtE1Ae
−ikcd

0
0

 = M ·


1+Cr

u′−A
u′′−A

−ikcE1A+ ikcCrE1A
0
0

 = M ·XA
−, (4)

The six unknown variables including Ct and Cr can be achieved with the six equation in (4).

3 RESULTS AND DISCUSSION

Material of the rod 1 and rod 3 is classical aluminum. Material of rod 2 is set to be complex media
with the different Young’s modulus, mass density along with the higher order constants. Some
cases with predefined material constants and and length d are implemented as follows
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Figure 2: Transmission and reflection coefficients
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Figure 2 displays the transmission and reflection coefficients changing with material con-
stants when d = 0.5r. As we can see, reflection coefficient Cr can approach 0 extremely in some
frequency range with some predefined Young’s modulus, density and higher order material con-
stants. In that frequency range, all the input energy will be reflected and the transmitted energy is
close to zero.

4 CONCLUSIONS AND PERSPECTIVES

Wave reflection and transmission through SSG theory based rod is highly dependent on the prop-
erties and the length of SSG based media d. With some predefined Young’s modulus, density and
higher order material constants, all the input energy can be reflected while the transmitted energy is
close to zero in some frequency range, thus the predefined SSG theory based media can show great
seismic isolation performance. This research can be a start of optimizing structural performance
in acoustics with enriching the internal micro-structures by generalized theory based modelling
method.
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ABSTRACT

Complex media is one kind of media in which local behavior and global behavior can be observed
conjointly. Co-dynamic behavior of multi-scale characters is prominent in complex media espe-
cially when the external wavelength is comparable with its characteristic size of heterogeneous
features. In previous work of this research, multi-scale modelling of complex Timoshenko has been
established with employing Mindlin’s Second Strain Gradient (SSG) theory. Dynamic behavior
and wave propagation features of complex Timoshenko beam has been discovered to be signifi-
cantly different. In the presented work, sound radiation from infinite complex Timoshenko beam is
investigated with the established SSG theory model. The investigation is in terms of normal square
velocity, radiation impedance and radiated pressure field. Then sound radiation from simple sup-
ported complex Timoshenko beam into an infinitely extended fluid domain is analyzed based on
the principle of superposition and Kirchhoff–Helmholtz integral equation. The resulting radiation
pressure field of complex Timoshenko beam are illustrated and well interpreted by comparing the
SSG theory model result and classical theory result. Upon which, impact of local behavior in
complex media to the structural radiation features is discussed.
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1 INTRODUCTION

Complex media is defined as one kind of media with multi-scale characters in which local behavior
and global behavior can be observed conjointly. Complex media are used in many industry field,
typical examples include the steel prefabricated truss structures in construction engineering, the
ribbed structure in automobiles and aircraft, advanced periodic composite in aerospace industry and
nano-structures in MENS and NENS. Originating from its heterogeneous or periodic distributed
components with contrast properties, these complex medias are lighter in weight, and acquire great
performance in mechanics. In the meantime, the modelling of complex media becomes increasingly
difficult with heterogeneous features between its micro-structures.

When the size of major heterogeneity is much smaller than the representative volume, this
media can be treated as homogeneous media. Otherwise, the classical continuum theory does not
apply anymore [1]. In this case, many other analyzing approaches have been developed, such as the
experimental investigation, wave finite element method, homogenization method. They all has their
own limitations and most importantly, these methods cannot include the the co-dynamic behavior of
multi-scale characters in complex media, which becomes prominent when the external wavelength
is comparable with its characteristic size of heterogeneous features.

Generalized continuum theory has been developed in recent years. In generalized contin-
uum theory, the local behavior of heterogeneity caused by long-range interactions can by described
by inserting length scale parameters. Generalized continuum elasticity theory based modelling
has been applied by many researchers in complex media analysis in short wave limit. Among the
others, Joseph et al. [2] established an enriched beam model based on strain gradient theory [2]
to study the large deflections and fracture behavior of double cantilever beam. Nonlocal differ-
ential constitutive relation of Eringen has been employed by Reddy et al. [3, 4] to reformulate
various beam theories and investigate the effect of the nonlocal behavior on deflections, buckling
loads, and natural frequencies. Tsiatas [5] and Thai [6] developed non-classical Kirchhoff plate
model and Mindlin plate model based on Modified couple stress theory to investigate nonlinear
deformation of bending, buckling, and vibration responses of micro-plates. Second Strain Gradient
(SSG) theory based Timoshenko beam model has been established by Asghari [7] to study its static
and free-vibration behaviors, and to capturing the size effects in micro- and nano-scale structures.
One can also cite the SSG theory based modelling by Momeni [8]) for functionally graded beam
structures (FGMs).

The ‘Second Strain Gradient theory’ (SSG theory) is proposed by Mindlin [9] with intro-
ducing the second and third derivatives of the displacement along with the classical strain tensor
into the strain energy density. Compared with other strain gradient theories, Mindlin’s SSG theory
is more general thus more effective in local behavior description. SSG theory based Timoshenko
beam model has been developed to investigate its wave propagation and transmission features. In
the presented work, sound radiation from an infinite complex beam is analyzed with the SSG theory
based on the Timoshenko beam model. Radiation impedance and radiated pressure field from com-
plex beam is calculated. The impact of local behavior of heterogeneity is discussed with comparing
the results from SSG theory model and classical theory model.

2 SOUND RADIATION FROM INFINITE COMPLEX TIMOSHENKO BEAM

The studied structure-fluid system is illustrated as in Figure 1. The vibrating beam subject to a
transverse harmonic force F = Re {q0e

iωt} at x = 0 is assumed to be infinitely extended along x
direction, and the waves generated by the vibrating surface ΩΣ in the fluid domain Ωf will propagate
away from the source at speed c0.

Figure 1: sound radiation from infinite Timoshenko beam
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In studied system, the vibration is uniform along y direction, so will the acoustic pressure
field. Then the two-dimensional acoustic wave motion equation governing the propagation of small
acoustic disturbances through a homogeneous, inviscid, isotropic, compressible fluid can be written
in terms of the variation of pressure about the equilibrium pressure as

∂2p

∂x2
+
∂2p

∂z2
= −

(
ω

c0

)2

p = −k2
0p, (1)

where p is the radiated acoustic pressure in the field. c0 represents the frequency-independent speed
of sound govern by fluid medium, k0 =

ω

c0

. According to the SSG theory based formulation, the

total transverse velocity of the vibrating surface in region [0,+∞) can be expressed in forms of the
superposition of the contributions from all six positive wave modes as,

vn (x, t) = iω · w (x, t) = iω ·

(
6∑

j=1

Aje
−ikjx

)
· eiωt (2)

Generated by the harmonic acceleration disturbance at the structure-fluid interface, the solution of
the radiated acoustic pressure may also be expressed by the superposition of six acoustic pressure
fields to physically represent the sound radiation from all the six wave modes generated by the
source as,

p (x, z, t) =

(
6∑

j=1

Rj · e−i(kxjx+kzj z)

)
· eiωt, (3)

in which kxj
and kzj represent the component of wavevector kj in x and z direction generated by

elastic wave kj in the solid. In deriving the wave equation, linearised form of Euler momentum
equations are used as

∇p + ρ0
∂u̇

∂t
= 0. (4)

in which∇p, u̇ respectively denote the pressure gradient and particle velocity vector, and ρ0 is the
mean density of fluid medium. With the above Eqs. (1), (2), (3) and (4), the radiated wave vectors
and the corresponding amplitudes can be obtained.

3 RESULTS AND DISCUSSION

One numerical case is implemented in this section. The cross section of the studied beam is con-
sidered to be rectangular with width b = 3h and height of the section h = 10a0, with the lattice
parameter a0 = 4.04Å. The material is assumed to be aluminum with µ = 26 GPa. The higher-
order material constant values refers to the work by Shodja et al. (2012) [10] which are obtained
with atomistic approach. The resulting acoustic pressure is shown as.

(a) Acoustic pressure of classical theory (b) Acoustic pressure of SSG theory

Figure 2: Acoustic pressure field in x− z plane
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Figure 2 illustrates the acoustic pressure field resulting from classical model and SSG
theory-based mode on frequency (ω = 2.5). Radiation pressure field of complex beam resulting
from SSG theory model shows great differences with radiation of classical beam as the pressure
variation amplitude resulting from SSG theory model is lower than the classical one. In higher
frequency, wavelength is more comparable with the length of inner micro-structures, therefore the
resulting influence is prominent. Moreover, the highest pressure can be observed near the force
input source. Then the high pressure decrease rapidly with some slight fluctuation in the near field.

4 CONCLUSIONS AND PERSPECTIVES

Radiated pressure resulting from SSG theory model decrease distinctly in the far radiation field
in high frequency. Another interesting phenomenon is that radiated pressure field decreases with
fluctuation in the near field of force excitation. This phenomenon is caused by decay of short waves
in fluid domain, which are generated by evanescent waves in complex structure. The underlying
physics lies in the distinct local behavior of heterogeneity governed by both near range and long
range interactions. For future investigation, radiation from finite complex structures can be devel-
oped.
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ABSTRACT

In this paper, a laminate composite structure is designed with real-time stiffness and damping tun-
ing capabilities. It is composed of 3 layers: a base steal layer which provides the global stiffness,
a viscoelastic core whose properties are tuned in real time through conductive tracks which are
printed on the top glass-fibre composite skin. The temperature dependency of the viscoelastic core
is used as physical mechanism to tune the global stiffness and damping properties of the composite
structure. Moreover, in order to realize a compromise between static stiffness and dynamic damp-
ing, some zones are defined on the wing. This provides the ability to locally change the temperature
to reach the expected compromise. In the talk, the design issues are addressed, and an experimental
demonstration of the concept is presented on a complex structure.
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1 INTRODUCTION

Viscoelastic materials [1, 2] are widely used to control the vibration levels in composite structures
[3]. Many research papers on the optimization of the design of multilayered composites for vibra-
tion control can be found in open literature [4, 6–8]: the common objective lies in the reduction of
the vibration levels by adjusting the shear effect in the core layer according to the geometry, mate-
rials, boundary conditions and external forces acting on the structure. In this work, shape memory
polymers are used as viscoelastic materials as they exhibit high damping capabilities at glass tran-
sition [9, 10], and the concept takes advantage of the temperature and frequency dependency of the
viscoelastic properties [1, 12] to provide the tuning ability to the composite structure. It is inspired
by the works presented in [10, 13–15] so that specific stiffness and damping can be obtained in real
time.

2 A SANDWICH CORE WITH TUNING CAPABILITIES

The structure which is presented here is a reduced-scale airplane whose wings are made of the
composite sandwich structure. A stainless steel base layer is used to confer a global stiffness to
the wing. Then, a tBA/PEGDMA is used as core material. This shape memory polymer has been
characterized in [16] and a the model which is used here has been described in [10]. Finally, the
top layer is a FR4 plate (glass-fibre epoxy composite) on which conductive tracks are printed and
used as heating devices by Joule effect.

3 ZONING FOR LOCAL CONTROL OF STIFFNESS AND DAMPING

Global heating of the composite structure may be used to tune the damping or the stiffness [10,
14, 15], but it results in coupled effect since the glass transition of the polymer layer acts on both
damping and stiffness of the material. The concept of zoning [13] is used here to locally act
on the mechanical properties and provide a set of configurations corresponding to various stiff-
ness/damping combinations that cannot be achieved by global effects. In the work presented here,
6 zones are defined on each wing, each being controlled independently, and an algorithm is used
to build Pareto-optimal solutions for static stiffness and damping characteristics of the composite
structure.

4 EXPERIMENTAL SETUP

Figure 1. View of the structure on the experimental setup
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The structure is shown in Figure 1, suspended under a rigid frame to obtain free-free bound-
ary conditions. A point force is exciting the end of a wing, and the displacement field is measured
using a scanning vibrometer. Each zone is controlled independently: the temperature is regulated
on the zones according to some reference points of the Pareto front. A first set corresponds to
high static stiffness (all the zones are heated with temperatures between 20 and 40oC), a second
one to large damping with low static stiffness, and a third one corresponding to the compromise
between static stiffness and dynamic damping. Practically speaking, the regulation is performed by
an Arduino controller embedded in the fuselage.

5 EXPERIMENTAL RESULTS

Figure 2: Experimental setup: FRFs of the three configurations, and associated temperature fields
on the wings (blue: 20oC, pink: 80oC)

Figure 2 shows the results for the three chosen sets. For each configuration, the thermal field
is measured on the wing by infra-red thermography. For each configuration, the averaged value of
the displacement amplitude over the force is plotted versus frequency. The experimental results are
in accordance with the simulations: set 1 provides a high static stiffness with low damping, set 2 is
highly damped on the whole frequency range but has low static stiffness, while set 3 represents the
compromise configuration. Passing from one configuration to another is possible through real-time
change of the regulation loop, which is instantaneous, while changing the temperature field on the
wing requires less than one minute for heating and around 10 minutes for cooling since no specific
devices has been implemented to control temperature decrease.
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ABSTRACT

The noise transmission of aeronautical panels is an important phase of the design process of an
airplane. In this work an analytical Navier-type solution, based on higher-order layer-wise shell
models, is proposed for the analysis of the sound insulation of laminated panels. The considered
multilayered structures are laminated with cross-ply composite layers embedded with interlaminar
viscoelastic sheets. The use of the soft interlayers permits to have a passive insulation effect in the
study of the sound transmission. In order to take into account the frequency depedent properties
of a realistic viscoelastic layer, the damping behavior is modeled through a fractional derivative
Zener model. The Rayleigh integral method is used to extrapolate the acoustic indicators for the
sound transmission analysis. Some results are presented to validate and demonstrate the efficiency
of the present approach, comparing the present solutions with others taken from the literature.
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1 INTRODUCTION

The sound insulation of aeronautical panels is one of the major problem to be satisfied in the com-
fort study of an airplane. During the design process, the main issue is the correct modelization of
the vibroacoustic characteristics of the analyzed structure. In literature an experimental campaign
of sound transmission through single and multi-glazing are reported in [1] and a statistical analysis
in [2] found a relation between the structural damping loss factor and the noise reduction level. A
number of finite element models are developed to compute the sound insulation of double elastic
panels in [3]. Multifunctional materials and new honeycomb core concepts have been investigated
in [4] and [5] for a better acoustic insulation. In the framework of the multilayered structures,
the use of interlayer viscoelastic sheets is able to give a better acoustic insulation [6]. A theoret-
ical study with higher-order plate finite elements and with a design of some stacking parameters,
through a particle decline swarm optimization process, of multi-layered viscoelastic flat panels is
given [7]. The sound transmission FEM analysis of multi-layered composite viscoelastic shells is
investigated in [8].
The novelty of this work is focused on the development of an advanced analytical shell formulation
for the sound transmission analysis of viscoelastic composite shell structures taking into account a
fractional derivative approach for the viscoelastic sheets. To the best authors knowledge, very few
results on an analytical model based on Goldenveizer-Novozhilov thin shell theory is used for the
active control of the sound transmission of a simplified aircraft fuselage [9] and sound transmission
through composite shells using analytical model neglecting structural damping [10] are present
in literature. For the reason stated above, an analytical advanced shell formulation for the sound
transmission analysis of viscoelastic composite multi-layered structures has been developed here.
The results are obtained with an in-house code, developed by Authors. The governing equations
are derived from the Principle of Virtual Displacement (PVD) and are solved by the use of the
Navier method. Orthotropic properties for composite materials and the frequency dependence of
the viscoelastic material are taken into account.

2 SOUND RADIATION BY VIBRATING SHELLS

In order to evaluate the sound insulation property of the multilayered shell structures and their
acoustic performances, some acoustic indicators have to be defined. For a shell embedded in an
infinite rigid baffle and radiating in a semi infinite fluid, the emitted acoustic pressure p and the
radiated or transmitted sound power Πt, by the shell surface Ω can be obtained using the Rayleigh
Integral [11]:

p (α, β, z, ω) =
ρairjω

2π

∫
Ω

vn
(
α′, β′, 0, ω

) e−jωR/cair

R
dΩ Πt (ω) =

1

2
<

∫
Ω

p (α, β, 0, ω) vn (α, β, 0, ω) dΩ

 (1)

where ρair and cair are the mass density and the sound speed of the external acoustic domain,
vn (α′, β′, 0, ω) is the normal vibrating velocity of the external shell surface and vn is its complex
conjugate, and R is the distance between the point (α, β, z) where the sound pressure is estimated
and the vibrating surface element at (α′, β′, 0), moreover the Πt is obtained taking into account
only the real part < of the surface integral.
The structural vibrating velocity can be easily obtained from the mechanical displacements results
of the dynamic equation system as follows: vn (α′, β′, 0, ω) = jω un (α′, β′, 0, ω).
In order to introduce the displacement kinematic assumptions, in this work the generalized Galerkin
method is employed, as well described in the book of Washizu [12], and the three-dimensional me-
chanical displacements u = (u, v, w) are expressed as: u(α, β, z)d =

∑N
d=0 u

d(α, β)gd(z), where
the three-dimensional displacements can be approximated by a proper choice of the functions in the
shell reference surface ud(α, β) and of the functions along the thickness gd(z), moreover the accu-
racy depends also on the number of terms N. In this work the attention is focused on advanced shell
kinematic models well-known in literature as Layer-Wise models (LW). In order to easily imple-
ment this modelization, the Legendre polynomial are used and, in particular, an higher-order cubic
expansion LW 3 has taken into account: uk(α, β, z) =

(
1+ζ

2

)
uk0(α, β) +

(
1−ζ

2

)
uk1(α, β) +[

3(ζ2−1)
2

]
uk2(α, β) +

[
5ζ(ζ2−1)

2

]
uk3(α, β) in which the used polynomials are function of ζ , lo-

cally defined: −1 ≤ ζ ≤ 1, for more details refers to [8]. To consider a lower kinematic model
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LW ith the higher-order terms ujth, with j > i, are set to zero.
In this work, the functions defined in the structure reference shell surface ud(α, β) are defined ac-
cording to the Navier solution type, they are a double trigonometric (Fourier) expansion. Specially
orthotropic laminates are considered here, it means that the orthotropic material properties coeffi-
cients are reduced (C16 = C26 = C36 = C45 = 0). Considering a simply-supported shell domain,
the generalized displacement vector is defined with the following harmonic forms:

ud(α, β) =
∞∑
m=1

∞∑
n=1

Umnf (α)f (β) (2)

where f (α) =
[
cos
(mπα

a

)
, sin

(mπα
a

)
, sin

(mπα
a

)]
and f (β) =

[
sin

(
nπβ

b

)
, cos

(
nπβ

b

)
, sin

(
nπβ

b

)]
are the in-plane functions for the displacements u = (u, v, w), U = (U, V,W ) are the displace-
ments unknowns, m and n, a and b are the half-waves and the length dimensions defined on the
whole shell domain in the α and β directions respectively. Even if it is demonstrated in the literature
that it is possible to get an higher solution accuracy increasing the number of the trigonometric se-
ries, usually a truncated Fourier series is used for computational purpose. The generalized Galerkin
method is used, in this work, in conjunction with the Principle of Virtual Displacements (PVD),
which is defined as follows:∫

Ω

∫
A

δεT σ dΩdz +

∫
Ω

∫
A

ρ δuT ü dΩdz =

∫
Ω

∫
A

δuT t dΩdz (3)

where the in-plane domain and the thickness direction domain are indicated as Ω and A respec-
tively, ü is the accelerations vector, ρ is the material density, t is the surface traction, the mechanical
stresses σ and the mechanical strains ε. Taking into account the complex elastic material constitu-
tive equations, see [8], the linear geometrical relations for shells, see [8], and using the mechanical
displacement assumptions, the governing equations can be derived in a compact form as follows:
δu : (K − ω2M )u = P , where K is the complex stiffness matrix, M is the mass matrix and P
is the load vector.

In order to validate the present analytical approach, rectangular shell panels are considered.
The geometry and the material data are taken from the work of Valvano et al. [8]. The shell
edge dimensions are a = 1.5m; b = 0.66m; Rα = Rβ = 3m; htotal = 0.05m where the
total thickness is kept constant for all the considered analysis. The properties of the viscoelastic
sheets are taken from the wrok of Valvano et al. [8]. The composite layers material properties are
E1 = 130.8GPa; E2 = E3 = 10.6GPa; G12 = 5.6GPa; G13 = 4.2GPa; G23 = 3GPa; ν12 =
ν13 = ν23 = 0.36; ρ = 1543 kg/m3 . An incident wave, normal to the top shell surface, is defined
as Pz(α, β, z) = P0(α, β,+h/2) = 1N/m2. The emitted sound power is evaluated at the bottom
surface where the air has the following properties: ρair = 1.21 kg/m3 ; cair = 340m/s. The results
are given in terms of sound power levels (SPL) varying on the frequency, where SPL = 10 ×
log10 (Πt/10−12). The present results are obtained with an in-plane Fourier expansion up to m =
n = 7 half-waves number, and a cubic layer-wise expansion LW 3. The viscoelastic interlamina
position effect, see Figure 1a, on the SPL parameter is investigated for cylindrical and spherical
panels with composite cross-ply layers embedding viscoelastic sheets. The considered lamination
schemes are: [0◦/90◦/visco]S , [0◦/visco/90◦]S . Moreover the transmitted sound pressure field is
depicted in Figure 1b through a three-dimensional representation at f = 380Hz.

3 CONCLUDING REMARKS

The present higher-order shell analytical formulation permits to include in the variational principle
the effects of frequency-dependent viscoelastic materials through the use of fractional derivative
models for the sound transmission analysis of multi-layered composite shell structures. A limited
number of half-waves (m=n=7) and a cubic layer-wise expansion are necessary to correctly repro-
duce the radiated sound power engendered by a constant uniform incident pressure. The present
analytical solution is in agreement with other FEM results present in literature.
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Figure 1: Study of the viscoelastic sheets position effect for composite cylindrical and spherical
shells, and the transmitted sound pressure field for a cylindrical composite sandwich panel.

REFERENCES

[1] A.J.B. Tadeu and D.M.R. Mateus. Sound transmission through single, double and triple glaz-
ing. experimental evaluation. Applied Acoustics, 62:307–325, 2001.

[2] A. Parrinello and G.L. Ghiringhelli. Evaluation of damping loss factor of flat laminates by
sound transmission. Journal of Sound and Vibration, 23:112–119, 2018.

[3] A. London. Transmission of reverberant sound through double walls. Journal of the Acousti-
cal Society of America, 22:270–279, 1950.

[4] M. Arena, M. Viscardi, G. Barra, L. Vertuccio, and L. Guadagno. Multifunctional per-
formance of a nano-modified fiber reinforced composite aeronautical panel. Materials,
12(6):869, 2019.

[5] C.F. Ng and C.K. Hui. Low frequency sound insulation using stiffness control with honey-
comb panels. Applied Acoustics, 63(4):293–301, 2008.

[6] R.V. Foss, T.A. Dear, M.A. Hamdi, and S. Assaf. Facade noise control with glass and lami-
nates. Glass Process Days, 13:424–431, 1999.

[7] S. Valvano, C. Orlando, and A. Alaimo. Design of a noise reduction passive control system
based on viscoelastic multilayered plate using pdso. Mechanical Systems and Signal Process-
ing, 123:153–173, 2019.

[8] S. Valvano, A. Alaimo, and C. Orlando. Sound transmission analysis of viscoelastic compos-
ite multi-layered shells structures. Aerospace, 6:69, 2019.

[9] D.R. Thomas, P.A. Nelson, and S.J. Elliott. Active control of the transmission of sound
through a thin cylindrical shell, part i: the minimization of vibrational energy. Journal of
Sound and Vibration, 167(1):91–111, 1993.

[10] K. Daneshjou, A. Nouri, and R. Talebitooti. Sound transmission through laminated composite
cylindrical shells using analytical model. Archive of Applied mechanics, 77:363–379, 2007.

[11] F. Fahy and P. Gardonio. Sound and Structural Vibration, Radiation, Transmission and Re-
sponse. Academic Press, by Elsevier, Linacre House, Jordan Hill, Oxford OX2 8DP, UK,
2007.

[12] K. Wahsizu. Variational methods in elasticity and plasticity. Pergamon Press Ltd., Headington
Hill Hall, Oxford OX3, UK, 1968.

4
104



MEDYNA 2020: 3rd Euro-Mediterranean Conference
on Structural Dynamics and Vibroacoustics

17-19 Feb 2020
Napoli (Italy)

COMBINING IMPORTANCE SAMPLING WITH MACHINE
LEARNING TO ACCELERATE STRUCTURAL RELIABILITY

ANALYSIS

Weizhen YOU1 , Alexandre SAIDI2, Abdel-malek ZINE3 and Mohamed ICHCHOU1*

1Laboratoire de Tribologie et Dynamique des Systèmes (LTDS)
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ABSTRACT

In reliability analysis of linear systems subjected to random excitation, an important issue is
to determine the first-excursion probability. When this probability is very small, general Monte
Carlo simulations (MCS) are always computationally impractical. In deterministic case where
the structural properties are constant, advanced MCS such as importance sampling (IS) can
be employed to improve the calculation efficiency. This results in the so-called conditional
failure probability (CFP). However, when the uncertainties in structural properties are high-
dimension, the IS technique still demands a large number of analysis of CFPs. Recent studies
show that, machine learning (ML) theories can be used to build effective surrogates that maps
the structural uncertainties into CFPs. In this study, the structural reliability, denoted as first-
excursion probability, is evaluated by a more efficient technique that combines IS with ML. Be-
sides, Karhunen–Loève (K-L) expansion is implemented to denote the stochastic excitation. The
structural responses are calculated by convolution integral with respect to impulse responses.
Numerical simulations show that the proposed method can effectively accelerate the evaluation
process, meanwhile achieving the accuracy close to general MCS.
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1 INTRODUCTION

Reliability mechanical structures describes the probability that the object realizes its functions
under given conditions for a specified time period [1]. For a mechanical structure subjected to
stochastic excitation, an important task is to evaluate the structural failure probability. In fact,
due to various factors (manufacture, environmental, fatigue...), the structural properties become
uncertain. Hence, the assessment of failure probability involves a high-dimension problem
considering the uncertainties in both structural parameters and the excitation. Direct MCS
demand a huge number of samples to ensure a high accuracy of the estimated CFP, but this will
be very time-consuming. In this aspect, surrogate models become a good alternative. Response
surface method (RSM) [2] is among the most popular surrogate models. Support vector machine
(SVM) has also gained much attention recently [3]. Other surrogate models such as metamodel,
ANNs and Kriging have been proposed by other researchers [[4], [5], [6]]. The disadvantages
in ANNs mainly include the complex architecture optimization, low robustness and enormous
training time. SVM is time consuming for large-scale applications and sometimes shows large
error in sensitivity calculation of reliability index. RSM has been popular however it may be
time-consuming to use the polynomial function when the number of random variables is large.

In the authors’ viewpoint, the evaluation of CFP can be seen as a regression problem
that takes a realization of the structural uncertain properties as input and the CFP as output.
To improve reliability assessment considering structural uncertainties, attention is paid to non-
parametric statistical learning methods in this research. The rest of the paper is organized
as follows. In Section 2, the theories pertaining to CFP and its estimation are presented. In
Section 3, the framework of failure probability estimation based on ML models is introduced,
and numerical simulations on different structures are applied and discussed.
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Figure 1. Theoretical framework to estimate failure probability by ML model

2 THEORETICAL FRAMEWORK

A basic assumption in this research is that the uncertainties of the structural properties and
those of the excitation are relatively independent. Mathematically, the failure probability is
determined by a multi-dimension integral over the joint distribution of all variables involved,
i.e.

Pf =

∫
g(x,z)≤0

pX(x)pZ(z)dxdz =

∫
x∈ΩX ,z∈ΩZ

If (x, z)pX(x)pZ(z)dxdz (1)

where If (x, z) is the indicator function which equals to 1 when the performance function
g(x, z) ≤ 0 and 0 otherwise. It is noted that the calculation in Eq. (1) considers uncertainty in
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both structural parameters and excitation. To construct the CFP, eq. (1) is rewritten as

Pf =

∫
x∈ΩX

[

∫
z∈ΩZ

If (z|x)pZ(z)dz]pX(x)dx =

∫
x∈ΩX

P c
f (x)pX(x)dx = Ex∈ΩX

[P c
f (x)] (2)

E[·] denotes the mathematical expectation. By eq. (2), a ML model can be built that
takes the random samples of structural properties as input and CFPs as outputs. Once the
ML model is built, it is employed to make predictions on the samples outside the sample set
used to train the ML model. The expectation of these predictions is seen as the structural
failure probability considering both kinds of uncertainties. Figure 1 illustrates the theoretical
framework.

As is known that the estimations by direct MCS can be treated as a standard reference.
However, it is not computationally efficient for estimating very small failure probabilities (less
than 1%) since the number of samples required to achieve a given accuracy is inversely pro-
portional to the scale of Pf . In view of this, the IS method a good choice to compute small Pf

values. In principle, an IS method tries to adjust the sampling density so that more samples are
obtained from the failure region F . Figure 2 shows the procedures to apply IS [7] to estimate
CFPs.

K-L expansions 

Computational modelInput (Gaussian excitation)

State space equations Convolution integral

Output (structural response)

Failure of ith DOF at tj

Importance samplingElementary failure domain

Weights of ele failure domains

Estimation of CFP

0



Sampling

MCS

Figure 2. IS to estimate CFP

3 A BENCHMARK STUDY

As a benchmark problem introduced in G.I. Schueller [8], the ten-DOF Duffing type oscillator
has been widely used by researchers in structural reliability domain. In this study, we focus
on the linear random structures under stochastic excitation. The statistical properties of the
structural parameters and their constraints are shown in [8]. In this simulation, the estimated
failure probability values are very small (below 10−4), therefore IS is used to estimate CFPs.
Three ML models Random Forest (RF) [9], Gradient Boosting (GB) [10] and Extra-trees (ETs)
[11] are employed to estimate the failure probability. The three methods are compared with
standard MCS, see Table 1. In the simulations, it is found that the ensemble learning based
methods all reach a convergence at the point n sample = 500. This benchmark study tells that
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Table 1. Reliability estimatios by different ML-based methods

Method 1stDOF
0.057m

1stDOF
0.073m

10thDOF
0.013m

10thDOF
0.017m

Standard MCS 1.06e−4 8.07e−7 4.88e−5 2.52e−7

num of samples 2.98e7 2.98e7 2.98e7 2.98e7

RF-based 7.6e−5 1.0e−6 4.2e−5 1.1e−7

num of samples 500 500 500 500
GB-based 8.48e−5 9.15e−7 4.24e−5 1.06e−7

num of samples 500 500 500 500
ETs-based 8.73e−5 9.89e−7 4.09e−5 1.10e−7

num of samples 500 500 500 500

the combination of IS and ML models can largely improve the efficiency of failure probability
estimations.
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ABSTRACT

In this study, progressive failure analysis has been developed for predicting the failure of laminated
composite structures subjected to a transverse low velocity impact. The proposed strategy consist
of a dynamic stress analysis using the hybrid method WFE/EF and a damage analysis which is
performed using Hashin’s failure criteria and the material property degradation rules.
The studied structure is made of E-glass/epoxy and it is decomposed in undamaged and damaged
substructures. The material properties in the damaged substructure are modified according to sud-
den material property degradation rule. The damage describes the creation of micro-discontinuities
in the structure during the loading.
The numerical method combines the Finite Element(FE) method to model the discontinuous re-
gions, impact region and damaged region, and the wave finite element (WFE) to accurately model
the periodic substructures (intact substructures). This hybrid method enables the calculation of the
waves-damage interaction scattering coefficients and the response of the whole structure in both
the frequency as well as in the time domain and it provides the reduction of the computational cost
of analyses in space and time .
Several numerical simulations have been performed, first to validate the accuracy of the results
predicted by the proposed formulation and second to investigate the damage propagation.
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1 INTRODUCTION

For several years, composite materials are increasingly used in the realization of structures in differ-
ent fields, such as aerospace and automotive, due to high strength to weight and stiffness to weight
ratios.
Due to their anisotropic nature, composite structures may exhibit a various forms of damage, such
as matrix cracks, delamination and fibre breakage, which can cause considerable degradation of the
mechanical properties and consequently which can change, locally, its mechanical behavior. The
ability to predict the initiation and propagation of such damage is essential for predicting the perfor-
mance of composite laminated structures and developing safe designs which exploit the advantages
offered by composite materials.

2 THE HYBRID FE/WFE METHOD [1]

In this paper, a FE/WFE hybrid method is developed to determine the waves-damage interaction
scattering coefficients then the forced response of damaged laminated composite structures. A new
Diffusion Matrix Formulation is proposed to analyse the scattering induced by discontinuities in
structure. Let us consider three intact periodic waveguides connected by two coupling joints, on
which impact zone and damage are described respectively. In order to evaluate the wave interac-
tion coefficients, the WFE approach is used to calculate the wave propagation constants of each
waveguide and is then coupled to the standard FE method described coupling joints.

Once the vectors of displacements q and forces F are written in terms of the wave amplitudes
in the waveguides:

Dc1∗
[

Φ
inc(1)
q Qinc(1) + Φ

ref(1)
q Qref(1)

Φ
inc(2)
q Qinc(2) + Φ

ref(2)
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]
= −

[
Φ
inc(1)
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f Qref(1)
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−
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2I(D
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Φ
inc(3)
f Qinc(3) + Φ

ref(3)
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]
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By rearranging Eqs. (1) and (2), it can be proved that the reflection and transmission co-
efficients of the wave modes through the dynamical behavior of the two coupling elements can be
related via diffusion matrices, namely C1 and C2 :(
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(
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Qinc(2)

)
+ F (3)(
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In order to obtain the forced response of the structure, the boundary conditions will be expressed in
matrix form as:
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This hybrid approach is formulated in the frequency domain and therefore the Inverse Discrete
Fourier Transformation of the frequency response to describe the dynamics in time domain, is
required.

3 FAILURE ANALYSIS

In this study, the impact damage analysis follows a two step process. First, Three-dimensional
Hashin’s [2] criteria are used to predict the layer failure in the laminated composite and to de-
termine damage modes (critical matrix cracking, delamination). Once failure occurs in a ply, its
material properties are changed by implementing a sudden degradation rule. These rules determine
the mechanical parameters that are degraded when a failure occurs and are applied to characterize
the post-damage material behaviour of each failed layer. The degradation is characterized by the
reduction of the elastic parameters. In the present work, the degradation rules used have been taken
from Shokrieh et al [3] due to their satisfactory physical and also to its simplicity of implementa-
tion. Therefore, for different failure modes, there exists an appropriate failure criteria and sudden
material property degradation rule which are presented in the table 1.

Hashin’s failure criteria The degradation rules

Matrix cracking (σ22+σ33
Yt

)2 + (
σ2
12+σ

2
13

S2
12

) + (
σ2
23−σ22σ33
S2
23

) Eyy = υxy = 0

Fibre failure (σ11
Xt

)2 + 1
S2
12

(σ2
12 + σ2

13) Exx = Eyy = Ezz = Gxy = Gyz = Gxz = 0

Delamination (σ33
Zt

)2 + (σ23
S23

)2 + (σ13
S13

)2 Eyy = Gyz = Gxz = υyz = υxz = 0

Table 1. Hashin’s failure criteria and degradation rules

4 NUMERICAL RESULTS

The goal of this section is to to develop a progressive failure analysis methodology for lami-
nated composite beam subjected to transverse impact. A cantilever laminated beam made of E-
glass/epoxy is considered for this study. The beam with dimension: length L= 0.12 m, width b=
0.02 m and depth h= 0.004 mThe structure is made of four layers oriented as [0/45/ − 45/0] de-
grees, it is clamped at x = L and free at x = 0 . The beam is subjected to an impulse load in
transverse direction with F = 50 N as magnitude and τ = 15 ms s as a duration. Each layer was
modelled with four SOLID185 elements, which comprises a 3D displacement fields and is defined
by eight nodes having three degrees of freedom at each node: translations in the nodal x, y and z
directions.

Figure 1: Stress distribution at the last lamina in the x-direction: a) frequency response, (b) time
response

3
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The stress distribution, in the x-direction on the top surface,in the frequency and time do-
main, are evaluated and compared with a reference solution provided by the FE model as shown
respectively in Fig .1(a) and Fig .1(b). A good agreement between the two results can be observed.
These comparisons with the reference solution highlights the validation of the proposed hybrid
method to estimate the time response of composite structures subjected to transverse impact with
much smaller system size and lower computational cost.

Figure 2: Propagation of maximum failure indices in the beam: (a) t=1.9 ms, (b) t=2.8 ms, , (b)
t=4 ms

In order to investigate the propagation of the matrix damage in the laminated composite
beam, the failure indices along the thickness in different time are presented in Fig. 2.
Fig. 2(a) shows the location of the first damage appearance in the beam. Fig. 2(b) and . 2(c) show
the progressive failure when the damage occurred in both upper and bottom of the structure. The
maximum damage area occurred at the top surface of the laminated, i.e. at the position of impact
point.

5 CONCLUSION

In this paper, an hybrid FE/WFE approach is proposed to calculate the scattering coefficients of
the wave interaction with the damage. The validation of this formulation is very important for the
prediction of the impact damage propagation. Once the stress distribution in the global coordinate
are computed, we proceed to calculate firstly the Hashin failure index to identify the impact damage
of entire ply. Then, the modification of the material properties induced by damage has taken account
using a sudden material property degradation rule.
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ABSTRACT 

 
A circular cylindrical shell filled with and submerged into fluid is considered, and its response to an 
external acoustic pulse or weak shock wave is analyzed. The analysis is carried out using a semi-
analytical model based on the use of the classical apparatus of mathematical physics. Both the fluid 
dynamics and the structural dynamics of the system are considered, with particular attention paid to 
the fluid-structure interaction effects. For the structural dynamics, the main outcome of the study is 
the understanding of how the peak structural stress observed in the shell, both compressive and 
tensile, evolves with the changing properties of the fluids. For the fluid dynamics, the most 
interesting result is the understanding of the structure and evolution of the complex radiated wave 
patterns observed in the fluids, with particular focus on the symmetric Lamb waves, the pseudo-
Rayleigh waves and the Scholte-Stoneley waves.  

1 INTRODUCTION 

Thin-walled cylindrical structures that are both submerged into and filled with fluid are common in 
many applications, including, but not limited to, those in ocean engineering, naval architecture, 
aerospace, chemical and nuclear industries. Analysis of the acoustic response of such systems is 
essential for ensuring their optimal everyday performance, while understanding the response of these 
systems to shock waves is of critical importance when their reliability and survivability under 
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extreme conditions of operation is assessed. The model we discuss here is suitable to address both of 
these needs in a reliable and computationally efficient way, and the use of the model is illustrated by 
two most recent and most interesting results. 

2 MATHEMATICAL MODEL 

2.1 Problem formulation 

We consider a circular cylindrical shell of radius r0 and thickness h0 filled with the fluid of density ρi 
and with the sound speed in it ci and submerged into the fluid with the density ρe and sound speed ce. 
The sound speed in and the density and Poisson’s ratio of the shell material are cs, ρs and ν, 
respectively. The following assumptions are made: (i) the shell is either thin or moderately thick, 
and the deflections of the shell surface are small compared to its thickness; (ii) either Kirchhoff-
Love or Reissner-Mindlin hypothesis holds true (with the choice of one or the other depending on 
the particular variant of the formulation); (iii) the fluids are linearly compressible, irrotational and 
inviscid. 

The fluids, therefore, are governed by the wave equations, and the shell is governed by the 
linear equations of either the Kirchhoff-Love or Reissner-Mindlin shell theory (the former was 
found to be most suitable when the shell is very thin and when the structural dynamics alone is of 
interest, while the latter is needed when the shell is thicker and/or when the fine structure of the 
hydrodynamic fields radiated by the shell is sought).  

2.2 Solution 

The adopted approach is based on the classical apparatus of mathematical physics. Specifically, the 
Laplace transform is applied to the wave equations with respect to time, and then the spatial 
variables are separated. This allows for the components of the resulting hydrodynamic fields to be 
obtained in the form of Fourier series (ordinary for the 2D formulation and double for the 3D one), 
with the time-dependent coefficients expressed as convolution integrals of either the normal velocity 
of the incident loading (scattered field) or the normal displacement of the shell surface (radiated 
field) and the two response functions, one for the internal fluid and one for the external fluid. The 
response functions represent all the essential physics of the system’s behaviour as it responds to a 
transient loading, and their computation is far from trivial [1, 2]. Thus obtained, the hydrodynamic 
field components are then used to couple the fluid and structural dynamics by means of solving 
several (usually hundreds to ensure satisfactory convergence) systems of integro-differential 
equations for each set of the shell displacement harmonics, and this is accomplished by using an 
explicit one-dimensional finite-difference scheme. The model has been successfully validated using 
several independent experimental datasets.  

3 RESULTS AND DISCUSSION 

We consider a steel shell (cs=5000 m/s, ρs=7800 kg/m3, ν=0.30) of radius 1 m and of several 
different thicknesses in the range 0.01-0.06 m submerged in water, ρe=1000 kg/m3 and ce=1400 m/s, 
and filled with fluids of varying properties (ρi is always assumed the same as that of water [3], while 
ci changes). The shell is subjected to a pressure pulse (interpreted, depending on the application, as 
either a weak shock wave or an acoustic pulse) with the pressure in the front at the instant of the first 
contact with the shell of 25 kPa and with the exponential decay constant of 0.1314 ms. As was 
established in [3], the single most important parameter that drives all the phenomenological changes 
in the system in question is the ratio, ζ, of the sound speed in the internal fluid to that in the external 
one, ζ=ci/ce. It is, therefore, of the outmost importance to understand how the changes of ζ affect the 
structural and fluid dynamics of the system, and this is what the present study is focusing on. 

114



MEDYNA 2020  17-19 February 2020, Napoli (Italy) 
 

 

3 

 

3.1 Fluid dynamics/Hydroacoustics 

The overall hydrodynamic pattern of the field radiated by the shell can be divided into two major 
components: the slower-propagating and higher-magnitude waves representing the direct response 
of the shell to the incident load (the scattered field in the external fluid and the field induced by the 
direct action of the incident wave on the shell in the internal fluid), and the faster-propagating, 
lower-magnitude waves that represent the radiation into the fluid of various elastic waves 
propagating in the shell, and that also include the interface Scholte-Stoneley wave. 
 

  
(a) (b) 

 
Figure 1.  Hydrodynamic field induced by the response of the shell with h0/r0=0.04 for the case of 

ζ=1.00, (a), and ζ=0.50, (b); the A waves are marked with arrows. 
 

As ζ changes, the internal field undergoes the most dramatic changes: not only the geometry 
of the primary, high-magnitude wavefront changes from convex (Fig. 1, (a)) to concave (Fig. 1, (b)), 
the geometry of the wave patterns corresponding to the symmetric Lamb waves (S0) and the pseudo-
Rayleigh waves (A0) is very significantly altered as well. Most notably, the Scholte-Stoneley wave 
(A) is present, for the exact same shell, for the case of ζ=1.00, but is absent when ζ=0.50: a novel, as 
far as we are aware, finding.  

3.2 Structural dynamics 

The dynamics of the stress state of the shell is driven by the two phenomenologically rather 
independent processes simultaneously occurring in the system: the propagation of the elastic waves 
in the shell and the propagation of the hydrodynamics waves in the internal fluid. The former 
produce the high compressive stress, Fig. 2 (a), while the latter are responsible for the tensile peaks, 
Fig. 2 (b). The interplay between these two phenomena is the chief reason behind the complexity of 
the dynamics of the stress state of the shell in question.  

Specifically, as ζ decreases, the timing and location of the highest compressive stress 
undergo no essential changes since they are determined by the elastic properties of the shell, while 
the highest tensile stress occurs later and later in the interaction because its timing is determined by 
the properties of the internal fluid. The interaction of the compressive and tensile waves, therefore, 
occurs differently for different ζ, and extensive parametric studies are necessary in order to fully 
understand these changes. To that end, Fig. 3 shows the evolution of the tensile and compressive 
peaks as ζ changes: while the compressive peak exhibits an almost linear trend, the tensile peak is 
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highly sensitive to ζ. The latter is a rather far-reaching finding that certainly needs to be taken into 
account at the pre-design stage. 

 

  
(a) (b) 

 
Figure 2. Stress state of the shell with h0/r0=0.01 for  ζ=0.50: high compressive stress, t=0.40, (a), 

and high tensile stress, t=4.20, (b). 
 

 
Figure 3. Evolution of the peak compressive (squares) and tensile (triangles) stress for the shell with 

h0/r0=0.01. 
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ABSTRACT

Helmholtz resonators have been historically one of the first engineered concepts for acoustic con-
trol. They can be used either for increasing sound at a specific frequency, or create antiresonances
depending on the way they are implemented. In terms of acoustic control for industrial appli-
cations, they constitute very efficient solutions for tonal excitations with a fixed frequency. The
resonance frequency of the resonator has to be tuned on this frequency, meaning that if any change
occurs in the excitation frequency, the control is no longer possible with the resonator. The con-
cept proposed here to overcome this limitation consists in designing a Helmholtz resonator with a
variable volume, that can be controlled in real-time. On the basis of waterbomb origami design,
multiphysics simulations are performed to define the geometry of the adaptive cavity. After man-
ufacturing, experimental tests are used to validate the models and illustrate the efficiency of the
concept.
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1 INTRODUCTION

Helmholtz resonance is the name given to the resonance phenomenon occurring in a cavity linked
to the surrounding atmosphere (which is usually air) via a constricted neck or necks. Hermann L.
F. von Helmholtz [1] established first its physical and mathematical principles. The most common
example for Helmholtz resonators, are bottles and stringed instruments, especially bottles given
the fact that they fit the description very well (small opening into a large chamber) [2]. As the
frequency is controlled by the geometrical properties of the resonator [3–5], controlling the geom-
etry of the device (such as the volume of the cavity), means controlling the frequency at which
noise reduction is desired. Following this line of reasoning, creating an adaptive Helmholtz res-
onator is a valid option. There are several works in the literature that address the subject of tunable
Helmholtz resonators and the most effective means of using them in order to control sound and
thereby, achieve noise attenuation. De Dedout [6] proposed an adaptive-passive noise control with
self-tuning Helmholtz resonators, where a varying cavity volume was achieved, by adding two rigid
walls inside the cylindrical resonator cavity. Both walls were linked to each other at the center of
the cavity, allowing easily the rotation of the movable wall through a DC motor. Rigid walls be-
ing difficult to use to obtain continuously varying volumes, polymers have been at the center of
recent works to try to tune the frequency of acoustic resonators. Yu [7] proposed a tunable acoustic
metamaterial with an array of (non-Helmholtz) resonators actuated by a dielectric elastomer. Ab-
bad used a similar material to control an elastic resonance of a membraned Helmholtz resonator
[8], but also its volume [9]. Following this strategy, relatively small volume variations can be ob-
tained, hence in this work, a new concept is proposed: in order to obtain large volume variations,
an origami-based design is investigated.

2 GEOMETRY OF THE ADAPTIVE HELMHOLTZ RESONATOR

Origami designs offer extreme reconfigurability and a wide range of deployability thanks to their
hinges rotation and their facets deformation. This can be exploited to create lightweight devices
with controlled characteristics and tunable properties [10]. The origami base chosen here, on the
basis of the requirements and state of the art [11, 12] is the waterbomb (see fig. 1). The origami
waterbomb base is a single-vertex origami mechanism with unique characteristics that may prove
advantageous in a wide range of applications, one of which is vibro-acoustics. The base shows
a high potential as a testbed for smart materials and integrated actuation systems thanks to its
straightforward geometry and multiple phases of folding/unfolding motion, that ranges from simple
(completely flat) to more complex (3D configurations) [13]. The cavity is closed with an end part,
which was inspired by the mechanism of the umbrella. This last part keeps the cavity closed during
the folding and unfolding of the resonator. On the opposite side, a cylinder is used as resonator
neck.

Figure 1: View of the waterbomb Helmholtz resonator in the computation configuration (impedance
tube)
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3 MULTIPHYSICS SIMULATIONS

In order to define the optimal design of the adaptive Helmholtz resonator, several multiphysics
simulations are performed.

• Analytical expressions of resonance frequency are first used to define the macroscopic vol-
ume and neck characteristics to achieve the expected frequency shift;

• acoustic finite elements computations are then used by considering rigid walls on the origami
structure, in order to check the effect of the complex geometry on the resonance frequency
and absorption properties of the resonator (losses in the neck are included in these computa-
tions);

• vibro-acoustic coupled finite elements computations are performed to check the effect of
walls resonances on the properties of the resonator (structural losses are considered here);

• PTMM [14] computations are used to understand the effect of losses in the constrictions of
the origami;

• Nonlinear structural computations using hyperelastic models for the origami walls are finally
used to check the foldability and required forces to tune the resonance frequency.

These computations are used to design the final geometry of the Helmholtz resonator, which
is manufactured in the lab.

4 EXPERIMENTAL CHARACTERIZATION

Experiments are performed in an impedance tube, using the various folding states of the origami.

Figure 2. Comparison of experimental tests and simulation results

Results are presented in Figure 2, in terms of absorption coefficient, for several configu-
rations expressed in terms of maximum external diameter of the origami resonator. As expected,
the larger the volume, the lower the resonance frequency. A shift from 138 Hz to 219 Hz can
be obtained by unfolding the resonator from 50 mm diameter to 70 mm diameter. The resonance
frequency and the maximum absorption level are well captured by the model, however the slight
increase of absorption coefficient above 400 Hz is not reproduced and may be due to unperfect glu-
ing/manufacturing/geometry of the tested device. The efficiency of prediction of the frequency and
levels around the resonance frequency, compared to experimental tests, illustrates the applicability
of the adaptive origami-based Helmholtz resonator for practical applications.
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ABSTRACT 
 

This paper presents the vibroacoustics optimization of a railway gearbox. This gearbox will fit SNCB 

(Société National des Chemin de fer Belge) trains. In the case of railway applications, the gearbox 

whining noise contributes significantly to the overall noise. The main excitation source of whining 

noise is generated by the meshing process. It is usually assumed that the well-known transmission 

error and the mesh stiffness fluctuations are responsible of this source [1]. Their characteristics result 

from local tooth and global gearbox deflections, tooth flank corrections and mounting and 

manufacturing errors. Under operating conditions, they generate dynamic fluctuation of mesh force 

which is transmitted to the housing through shafts and bearings. The whining noise radiated by the 

gearbox is closely related to the vibratory level of the housing [1,2].  

1 INTRODUCTION 

This paper presents the vibroacoustics optimization of a railway gearbox. This gearbox will 

fit SNCB (Société National des Chemin de fer Belge) trains. In the case of railway applications, the 

gearbox whining noise contributes significantly to the overall noise. The main excitation source of 

whining noise is generated by the meshing process. It is usually assumed that the well-known 

transmission error and the mesh stiffness fluctuations are responsible of this source [1]. Their 

characteristics result from local tooth  and global gearbox deflections, tooth flank corrections and 

mounting and manufacturing errors. Under operating conditions, they generate dynamic fluctuation 
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of mesh force which is transmitted to the housing through shafts and bearings. The whining noise 

radiated by the gearbox is closely related to the vibratory level of the housing [1,2].  

The studied gearbox has been designed by Alstom company. The maximum power transmitted 

is equal to 850 kW, for an input speed range from 0 to 4300 rpm. The maximum output torque is equal 

to 26 kNm. Its weight is approximately 500 kg including 220 kg for the housing. The housing’s 

dimension is approximately 1100x800x400 mm3 with a mean housing thickness equal to 12 mm. The 

input shaft is supported by 2 roller bearings and 1 ball bearing. The output shaft is supported by 2 

tapered roller bearings. The first part of this work provides the modelling of the gearbox. The second 

part concerns the optimization parameters. Finally, some results are presented. 

2 NUMERICAL MODEL DESCRIPTION 

The numerical model is based on FEA (Finite Element Analysis) and presented Figure 1. In 

this model we discretised the housing (red and blue), an oil collector (grey), shafts, bearings, gears 

and the experimental bench support (blue and purple).  

 

 
Figure 1: Numerical modelling of the gearbox 

 

This model has 10 million degrees of freedom. With time consuming consideration, we have 

built a lighter numerical model based on this model for optimizations. We updated this numerical 

model regarding to ODS experimental data. This light model has 500 000 degree of freedom. All 

components are modelled with 3D linear tetrahedral element. The bench is clamped on the ground 

and the green axle is supported by two bearings on the blue bench. These bearings are modelled like 

pivot joints. The input shaft in blue is free and supported in the gearbox by its bearings. The contacts 

between the most gearbox’s part are considered frozen. For the modelling, the shafts are modelled in 

3D to take account their modal behaviour. The bearings inner and outer rings are considered rigid and 

modelled with RBE2 elements. These two rings are connected by a spring with a stiffness value are 

computed with the manufacturer data and linearize at the defined torque. The bearing mass is taking 

account by a punctual mass (CONM2) on the inner ring. 

The two shafts are connected together by three springs in the gear action plan with a stiffness 

value equal to the mean mesh stiffness linearize around the desired work conditions. The excitatory 

source is the static transmission error (STE) and it is strongly impacted by the meshing frequency. 

The static transmission error has been computed using a software called Genom©, developed by 

Alstom company. The nonlinear contact equations to compute STE are solved with a procedure as 

describe in [3]. This model is confident on studied frequency range (0 to 3 kHz).  
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3 VIBROACOUSTICS TOPOLOGY OPTIMIZATION 

3.1 Optimization parameters 

In order to optimize the gearbox, we used a criterion associated to the radiated sound power. 

To do this we introduced Equivalent Radiated Power (ERP). This ERP is proportional to the time- 

and space-averaged mean squared vibrational normal velocity of the housing induced by a unique 

harmonic force applied in the action plan of gear. By assuming a radiation ration equal to the unity 

this ERP is written as follow:  
 

𝐸𝑅𝑃 = 𝜌0𝑐0

𝑛               

∑ 𝐴𝑖𝑉𝑖
2̅̅̅̅

𝑖               

 (1) 

 

 

In this equation, Vi² is the time-averaged squared normal velocity of each selected node on the 

housing multiplied by the associated area (Ai). The parameters are the speed of sound (c0), fluid 

density (ρ0). The ERP will usually overestimate the radiation but it will give a qualitatively good 

approximation [4]. The ERP is obtain from a classic FRF computations. Practically, we compute the 

ERP for different frequencies with a uniform repartition on the studied frequency range. The cost 

function to minimize corresponds to the average of ERP over the studied frequency range. We add 

some constraints in the optimization process: We set a constant mass constraint and constraint 

misalignment induced by static deformation of the gearbox. 

We choose to optimize the housing by topology method. To do this it is necessary to mesh the 

design space around the housing. The optimization is based on a solid-void density defined for each 

element in the design space using a method as described in [5]. So the element densities are defined 

as design variables. A gradient method is used to do the optimization. Finally, we are used a stop 

criterion based on the relative difference of the cost function. When the difference is smaller than 0.5% 

for two consecutive step, we stop the optimization. 

3.2 Optimization results 

We perform the optimization on a uniform frequency range (0 to 3kHz). At the first step we 

deleted all ribs and oil carrying from the original gearbox. This represent 13kg of matter. Figure 2 

shows a result of a topology optimization (in green). As we can see it try to stiffened the oil collector 

and the oil tank because these areas have high vibratory level.  

 

 
Figure 2: Optimized gearbox 
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After the optimization and the post treatment we checked the ERP in Figure 3. Between 0 to 

3kHz, we computed the integral of the curves. We get 2.74 m².s-2 for the optimized gearbox instead 

of 3.54 m².s-² for the original gearbox, so an important decrease of 22.5% of the vibratory power. As 

we can see Figure 3, this decrease is mainly correspond to decrease over the frequency range between 

1.5 to 2.5 kHz (a mean decrease of 31%) in the ear sentivity. 

 

 
Figure 3: ERP with a dBA filter of the original gearbox and the optimized gearbox 

 

4 CONCLUDING REMARKS 

To conclude, we modelled a gearbox correlated on experimental data to do vibroacoustics 

optimization. We performed topological optimizations with the element densities of the design space 

as design variables. For building cost function, we used equivalent radiated power as criterion for the 

radiated sound power. The optimization gives exploitable results to manufacturing a prototype in the 

hope of get the same decrease of the ERP criterion of 22.5% on average. In point of view of the 

procedure the time consuming is small. One optimization is performed on 1-2 days on a computer 

with 32 cores and 192 Gb of RAM memory. Scratch RAM memory method are used to boost the 

computation during the generation of temporary files.  
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ABSTRACT 
 

In this paper, some guidelines are provided in order to predict at which frequency the 1st  performance 

peak (related to periodicity effects: half of the wavelength = periodicity dimension) appears, together 

with its amplitude, as functions of the unit cell dimensions. Conversely, also the link between the unit 

cell dimensions and the 1st performance peak amplitude as functions of the design frequency is shown. 

Furthermore, some additional guidelines are provided in order to predict at which frequency the 1st 

performance peak appears, together with its amplitude, as functions of the foam airflow resistivity. 

 

1 INTRODUCTION 

The design based on periodic elements is a powerful strategy for the achievement of 

lightweight sound packages and represents a convenient solution for manufacturing aspects [1]. An 

interesting research target is the inclusion of vibroacoustic treatments at early stage of product 

development through the use of porous media with periodic inclusions, which exhibit proper dynamic 

filtering effects [2]; this address different applications in transportation (aerospace, automotive, 

railway), energy and civil engineering sectors, where both weight and space, as well as vibroacoustic 

comfort, still remain as critical issues. Here we propose some design guidelines in order to tune the 

performances of a JCA-modeled foam [3], [4], which make possible to obtain a device whose 

frequency efficiency outperforms existing designs. 
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2 DESIGN GUIDELINES 

Some guidelines are provided in order to predict at which frequency the 1st performance peak 

(related to periodicity effects: half of the wavelength = periodicity dimension) appears, together with 

its amplitude, as functions of the unit cell dimensions. Conversely, also the link between the unit cell 

dimensions and the 1st performance peak amplitude as functions of the design frequency is shown. 

The test campaign is carried out in the 0 – 18000 Hz frequency range, through the use of a repetition 

of five 3D unitary cells constituted by a 2 cm cube with a 0.5 cm radius perfectly rigid cylindrical 

inclusion, where the dimension of the inclusion changes accordingly to those of the unit cell (the ratio 

between the unit cell and the inclusion dimensions is kept constant). 

 

Density 

[kg/m3] 

Prandtl 

number 

Dynamic viscosity 

[kg/(m*s)] 

Adiabatic bulk 

modulus [kg/(m*s2)] 

Specific heat 

ratio 

1.205 0.713 1.983*10-5 1.42*105 1.401 

Table 1: Air properties. 

 

Porosity Tortuosity Resistivity 

[Pa*s/m2] 

Viscous characteristic 

length [mm] 

Thermal characteristic 

length [mm] 

0.99 1.02 8430 0.138 0.154 

Table 2: Acoustic parameters of the foam used for the numerical test campaign. 

 
Figure 1: Absorption coefficient design curves as a function of the unit cell dimension (on the left) 

and the frequency of the 1st peak (on the right). 

 
Figure 2: Transmission loss design curves as a function of the unit cell dimension (on the left) and 

the frequency of the 1st peak (on the right). 
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According to the results obtained in Figure 1 and Figure 2, and considering that a typical 

acoustic excitation in aeronautics lays in the range of 20 – 2000 Hz [5], one should choose a unit cell 

dimension between 0.065 m and 0.1 m in order to obtain a transmission loss improvement of averagely 

25% respect to the use of a simple foam layer of the same thickness. Considering an automotive 

application, instead, the typical acoustic excitation lays in the range of 20 – 4000 Hz [6], and therefore 

one should choose a unit cell dimension between 0.035 m and 0.1 m in order to obtain a transmission 

loss improvement of averagely 35% respect to the use of a simple foam layer of the same thickness. 

 
Figure 3: Absorption coefficient (on the left) and transmission loss (on the right) design curves as 

functions of the foam airflow resistivity value. 

 
Figure 4: Absorption coefficient value as a function of frequency and foam airflow resistivity; 

homogeneous case (on the left) and case with a cylindrical perfectly rigid inclusion (on the right). 

 
Figure 5: Transmission loss value as a function of frequency and foam airflow resistivity; 

homogeneous case (on the left) and case with a cylindrical perfectly rigid inclusion (on the right). 
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Furthermore, some guidelines are also provided in order to predict at which frequency the 1st 

performance peak appears, together with its amplitude, as functions of the airflow resistivity value of 

the foam. The test campaign is carried out in the 0 – 17000 Hz frequency range, by comparing a 

repetition of five melamine unit cells, where the airflow resistivity value is artificially changed. 

Looking at Figure 3, it is clear that the static airflow resistivity has no meaningful impact on the 

position of the periodicity peak in the frequency range. Instead, one may notice that 𝜎 has a non-

negligible effect on the variation of the non-homogeneous values, compared to the homogeneous ones, 

in correspondence of the periodicity peak: in particular, this variation reduces its amplitude at 

increasing airflow resistivity values, both for absorption coefficient and transmission loss 

performances. This is probably due to the fact that, as shown in Figure 4 and, in an even more evident 

manner, in Figure 5, for a homogeneous layer of foam, when 𝜎 increases absorption coefficient 

performances decrease, while transmission loss ones gets better. This is an expected phenomenon, 

since the airflow resistivity parameter may be considered as an “acoustical hardness” indicator of a 

foam, in the sense that, the higher it is, the less air permeability there is. It is evident, then, that the 

general effect of the presence of any external inclusion in the foam reduces at increasing 𝜎, and the 

non-homogeneous curves tends to assume the same behavior of the homogeneous one, still 

maintaining a bias difference in the average value (as it can be clearly seen from Figure 5). Indeed, 

already starting from 𝜎 = 50000 
Pa∗s

m2 , periodicity peaks are no more precisely identifiable. 

3 CONCLUSIONS 

In this paper, some guidelines are provided in order to predict at which frequency the 1st 

performance peak appears, together with its amplitude, as functions of the unit cell dimensions and of 

the airflow resistivity; conversely, also the link between the unit cell dimensions and the 1st 

performance peak amplitude as functions of the design frequency is shown. Results are very promising 

for aeronautic and automotive applications. 
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ABSTRACT

A twelve-degree-of-freedom gear dynamics model taking into account frictional effects, time vary-
ing mesh stiffness and damping was investigated. Fiction between meshing gear teeth are the most
influential power loss sources in a gearbox under several operating conditions. Frictional losses
in gears are deeply related to load, speed and coefficient of friction. The aim of this work is to in-
troduce a gear dynamic model for spur gears and to evaluate the power loss at different operating
conditions using an experimental coefficient of friction allowing to more refined the gear friction
losses estimation.

129



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

1 INTRODUCTION

Optimizing gearbox efficiency under a static load conditions was studied in previous works [1, 2]
as first step in this direction, but it is interesting also to understand the behaviour of a rotating gears
since dynamic effects as a determining factor in the gearbox were considered.

In order to design a more reliable and efficient gearboxes, a detailed gearbox efficiency esti-
mations in dynamic conditions were used, which can save resources not only during development,
but also through the gearbox’s expected life [2].

For many years, several authors have studied the problem of gear dynamics by modifying
the details of their dynamic models like increasing degrees of freedom, varying mesh stiffness
and frictional, gyroscopic and rocking effects in order to evaluate the dynamic overloads, critical
speeds, transmission errors and gear noise [3, 4].

As previously cited, infrequent studies around gear efficiency including dynamic effects.
In this work a twelve degree of freedom (DoF) model that takes into account time varying mesh
stiffness, damping and frictional effects was used. The main focus of this work was the influence
of gear tooth geometry and dynamics in gear power loss. A spur gears that were studied in previous
works [1], were analysed under different operating conditions and a constant coefficient of friction.

2 MODEL FORMULATION

The model of four nodes with three DOFs per node, presented in Figure 1, contains two shafts
simulated by two node Timoshenko beams, the pinion gear pair assimilated as two rigid-cylinders,
the bearings inserted as lumped stiffness and damping elements, a motor and a load imposing by
the FZG machine.

 

1 

2 

3 

4 

Motor 

Load 

Figure 1: The nodes of the dynamic gear model (12 DOFs).

By using the Lagrange equation and neglecting centrifugal and gyroscopic effects, the equa-
tions of motion of the system is detailed as follow:

[M ] Ẍ + [C] Ẋ + [K(t,X)]X = F1(f, t) + Ff (t,X) (1)

where [X] = [v1, w1, θ1, vg, wg, θg, vp, wp, θp, v2, w2, θ2]
T is the DOF’s vector including only trans-

lational (vj ,wj) and torsion (θj) degrees; [M ], [K(t,X)], and [C] are the global mass, stiffness,
and damping matrices; F1(f, t) is the external load vector and Ff (t,X) is tooth friction excitation
vector.

F1(t,X, f) = [0, 0, Cm(t,X, f), 0, 0, 0, 0, 0, 0, 0, 0, Cr(t,X, f)]
T (2)

Ff (t,X) = −f 1

εα
S(t,X)Km(t)WV T

G (3)

3 RESULTS

The Newmark’s integration method is used to solve the equations and obtain the dynamic responses.
Table 1 shows the geometric parameters of the spur gear geometries. Table 2 presents the

average coefficient of friction and operating conditions for each simulation performed in previous
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experimental work [1, 2]. The simulations were carried out at FZG lod stages K5 (Cm = 70Nm)
and K11 (Cm = 319Nm) for both 500 and 1750 rpm. The 75W90-A oil was selected and the
operating temperatures was maintained at 80 ◦C.

Table 1: C40 FZG gears properties.

Gears Parameters
z [/] m[mm] a[mm] α [◦] β[◦] b[mm] x[/] da[mm] εγ [/] Ra[µm]

C40 pinion 16 4.5 91.5 20 0 40 +0.1817 82.46 1.44 0.5wheel 24 +0.1715 118.54

Table 2: Experimental Coefficient of friction (COF) (75W90-A axle gear oil [2]).

Speed [rpm] FZG load stage Gear geometry and COF
C40

500 K5 0.029
K11 0.039

1750 K5 0.023
K11 0.031

Figures 2 and 3 show the dynamic coefficient and the power loss at the selected period.
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Figure 2: Dynamic coefficient and total power simulations for C40 spur gears at K5.

The dash lines represent the quasi-static simulations and the continuous lines are the dy-
namic simulations.

It is observed that the results obtained when including frictional effects were clearly differ-
ent from the ones considered in quasi-static simulations.

Both load stage K5 and K11 results show that spur gears promote higher dynamic overloads
when increasing speed from 500 rpm to 1750 rpm. The dynamic coefficient (FN/Fbn) was 1.2 at
200 rpm and about 1.67 at 1750 rpm.
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Figure 3: Dynamic coefficient and total power simulations for C40 spur gears at K11.

The power loss results show that the power loss (PV ZP ) increases with both load and speed
in quasi-static conditions where PV ZP at k11 increased from 119.3 W to 325.4 W when the speed
increases from 500 rpm to 1750 rpm. The results presented show that the average power loss at
stable dynamic conditions with a constant COF are higher than the one calculated in quasi-static
conditions.

4 CONCLUSIONS

A twelve degree of freedom gear dynamic model considered frictional effects (constant COF) was
used. The effects of gear dynamics and gear geometry in the power loss were evaluated. Friction has
show a significant effect in the dynamic behaviour of spur gears. The results show the differences
between the average power loss calculations under dynamic and quasi-static conditions proving the
coefficient of friction dependency.
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ABSTRACT

Phononic Crystals (PCs) are artificial materials with extensive application in the aerospace and
aeronautical industries since they introduce frequency stop-bands (frequency ranges where wave
cannot freely propagates). In this investigation 2D periodic and quasi-periodic pattern: instead of
strictly repeating a pattern, a certain degree of irregularity is introduced. Quasi-periodic PCs in
this paper are defined as assemblies of two different elements in two direction by using Thue-Morse
and semi-Sierpinski carpet which results in asymmetry in both directions. Numerical studies on
periodic and quasi-periodic lattices are performed. The spectral analysis in periodic waveguide
is validated with the dispersion diagram of a reference model and vibration transmission of the
lattices are studied. The wave characteristics in quasi-periodic super-cell configuration increases
the wide of band-gaps about 22% compared to the reference model. Nevertheless, the associated
level of vibration in the forced response of quasi-periodic lattices are predicted.

1 INTRODUCTION

The very first findings of PCs dates back to Sir Lord Isaac Newton who imagined that sound waves
propagated through air in the same way that an elastic wave would propagate along a lattice of
point masses connected by springs with an elastic force constant. Recent literature study shows
theoretical, numerical and experimental works based on vibration reduction and acoustic transmis-
sion loss of small and large scale elastic structures using 2D PCs. The existence of band-gaps in
PCs was predicted theoretically by [1]. There are two types of band-gap mechanism: the first one
is Bragg scattering, this type of band-gaps can be shaped by the elastic wave reflection during the
incidence with the scatterer of the neighbouring element which operates as a perfect non-absorbing
mirror. The second one is local resonances mechanism that can provide a low frequency band-gap
due to the coupling of two oscillators, say, the frequency is not dictated by the spacing of the pe-
riodic arrays but by the frequency of the local oscillator. This property could be an asset in plenty
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of applications, from vibration filtering to acoustic shielding and from seismology to the dynamic
behaviour of space stations. In this investigation quasi-periodic 2D PCs is considered for passive
broad band-gaps analysis. The PCs which is embedded in a super-cell is composed of a periodic
combination proposed by [2]. The model is optimised by introducing a small degree of irregularity
by using Thue-Morse and semi-Sierpinski carpet. The proposed model has same mass as in the
reference [2], but with different filling rates of resonator and different cylindrical radius. Disper-
sion analysis of infinite PCs and forced response of finite panels are analysed. The content of this
paper is structured as follows: in section 2 quasi-periodic lexicon is presented. Section 3 introduces
results of the infinite super-cells and finite forced response. Closing section brings the conclusion
of this study.

2 QUASI-PERIODIC LEXICON

The quasi-periodic model is defined by a small degree of irregularity in the PCs super-cells and
finite panels [3]. Two unit cells are modelled for wave finite element analysis, beside that two finite
periodic and one quasi-periodic panels are modelled for forced response analysis shown in Fig. 1

2.1 Thue-morse sequence

The Thue-Morse sequence is based on binary arrays. Starting from a 1D example, the sequence
can be derived by a function s from the set of binary sequences to itself by replacing every A in a
1D sequence with AB and every B with BA [4]:

s(x, y) = s(x)s(y) (1)

Eq.1 defines a map s for all strings x, y. Defining the Thue-Morse morphism s(A) = AB, leads to
the relations for increasing the quasi-periodicity pattern in one direction. The associated sequence
starts with A then AB, ABBA, ABBABAAB, and so on, [5].

2.2 Semi-Sierpinski carpet PCs

Sierpinski carpet has a technique of subdividing a shape into 9 smaller copies of itself by removing
one copy from the middle, and continuing recursively for the rest of copies [6]. In the present
model Semi-Sierpinski carpet is used to create PCs with local resonators.

2.3 Super-cell

The super-cell is made of 25 cells including square matrices with circular scatters, in which 9 of
the circles of these square unit cells are filled with metal scatters and the rest are hollow air holes
all around the super-cell. Cell-A and cell-B are designed in two different cases. In case 1 (quasi-
periodic 1) the Thue-Morse sequence is applied by considering cell-A (r = 5 mm), cell-B (r = 3
mm), cell-C (r = 5.5 mm), and cell-D (r = 2.5 mm). The 9 middle cells are associated to Semi-
Sierpinski carpet model and the other circles with the air holes follows Thue-Morse sequence (Fig.
1). The semi-Sierpinski carpet model is adapted to the variation of volume fraction of resonance
material by reducing the inclusion (45 steel) of cell-A and at the same time increasing the inclusion
(45 steel) of cell-B, using different circular radius in order to keep the same mass as the reference
model. On the contrary, case 2 (quasi-periodic 2) deals with a super-lattice of cell-A and cell-B
(r = 4 mm) as in the reference model but the position of coordinate of the circles in the entire
lattice is changed with only two combined elements, using Thue-Morse sequence. For instance the
coordinate of the constant cell-B is at base position p(~i,~j), in this method unit cell-A is displaced to
ρ(2~i,−2~j). In this case cell-A and B is replicated by Thue-morse sequence in two directions (Fig.
1). Material properties are introduced in the Tab. 1

3 RESULTS OF THE INFINITE SUPER-CELLS AND FINITE FORCED RESPONSE

The dispersion diagram of the super cell quasi-periodic 1 in Fig. 2 shows a complete stop-band
effects in the ranges of 139 − 208 Hz compared to the reference model 153 − 196 Hz [2], which
is 22% larger than the reference model shown in the Fig. 2. On the contrary, the quasi-periodic 2
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Figure 1: From the right, quasi-periodic 1 and quasi-periodic 2 configurations are graphically pre-
sented, in the left, first Brillouin zone reduced by all symmetries in the point group of the lattice

Material type Modulus of elasticity (Pa) Poissons Ratio Density (kg ·m−3)

Matrix (vulcanized rubber) 21.06× 1010 0.26 7780
Scatter (45 steel) 1× 106 0.47 1300

Table 1. Physical parameters
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Figure 2. Dispersion diagram of periodic and quasi-periodic PCs

has less effects at around 4% increment compared to the strictly periodic model. The finite panels
are made of 2 × 2 super-cells. In periodic pattern a total of four super-cells exist, whereas for
the quasi-periodic panel 2 periodic super cells and 2 quasi-periodic super cells are combined (Fig.
3). Forced response of the panels are computed by applying fixed constraint boundary conditions
in the upper and lower sides of the panels (Fig. 3) and a unit boundary load is applied with the
frequency range of 0−300 Hz with a bandwidth of 1 Hz. The vibration transmission is observed as
TL = 20log(a1/a2). The response of finite panels give four types of band-gaps (BG1, BG2, BG3,
and BG4), in BG1 the response is the same almost for periodic B and quasi-periodic cases. It is the
largest one for both cases but possesses a localised mode in the last part of the attenuation level.
In BG2 the band-gap is very narrow, and it is only in periodic 2, while BG3 is narrower compared
to BG2 and it is in periodic 2 and quasi-periodic case. BG4 is almost two times of BG3 and it is
in quasi-periodic with a great fall and partially it could be seen in periodic 2 too. In conclusion
periodic B has more band-gaps following quasi-periodic case.
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Figure 3. Vibration transmission of two types of periodic and one quasi-periodic panel

4 CONCLUSION

Dispersion diagram of quasi-periodic super-cell enlarges the wide of band-gap more than 22% in
lower frequency range 0−300 Hz compared to the reference model. Quasi-periodic 2 configuration
has less effects. Despite its low effects, it gives a good prediction of the associated level of vibration.
Finite panels verify the predicted band-gaps for quasi-periodic cases. Good dynamic behaviour is
seen in periodic 2 and quasi-periodic with wider band-gaps and extra stop bands above 250 Hz.
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ABSTRACT

This paper deals with the computation of vibrations of prestressed elastic tanks partially filled
with inviscid incompressible liquids, neglecting sloshing/surface-tension effects. Usually, the pre-
stressed effects due to the liquid load are not taken into account. From experimental point of view,
it is shown in [1] that these effects can be significant and influence the vibrations of the system. In-
deed, the geometrical nonlinearities may lead to important shift in frequencies due to quasi-static
follower loads. In reference [2], the static equilibrium state was supposed given. In particular, in
the case of pressured vessel, only the usual geometric stiffness due to the pressure above the liquid
(in the case of closed tanks) were taken into account through a linear static analysis. In reference
[3], a complete nonlinear analysis has been derived through an original level-set methodology. In
reference [4], comparison between experimental and 3D finite element results showed very promis-
ing results concerning a rigid cylinder with a flat elastic bottom. The purpose of this work is to
present new numerical results on a more complex coupled system and to use a specific modal re-
duction method in order to reduce the numerical costs related to the added mass effect computation.

Keyword : Fluid-structure interaction, Hydroelasticity, Prestressed effect, Reduced order model.
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1 INTRODUCTION

The problem consists in computing the hydroelastic vibrations of a prestressed elastic tank partially
filled with liquid (see Fig. 1). Each equilibrium states are obtained by resolution of a nonlinear
problem involving hydrostatic follower forces [3]. In the following, we proposed in the first place
to express the linearized harmonic three dimensional problem by considering a coupled weak (vari-
ational) formulation [2]. The state variables are the structural displacement u and the fluctuation of
pressure p. We recall that the linearization is expressed around a nonlinear equilibrium state. Then,
the hydroelastic vibration modes are computed by projection of the fluid-structure problem on the
dry modes and a linear combination of induced pressure fields. Usually, the liquid field unknown
(here the pressure field) is eliminated as a function of the structural displacement field via an added
mass operator which is a symmetric, positive definite and full matrix. The computation of such
matrix is obtaned by the Schur complement (or Gauss elimination) analysis and it is known that
such a computation - specially for 3D analysis of complex coupled systems - may be very costly.
The computational methodology presented here has the advantage to lead to reasonable computa-
tional costs, specially for situations in which the wet liquid-structure interface coincides with the
elastic structure. The application case envisaged is a rigid cylindrical tank with an elastic hemi-
ellipsoidal bottom containing a liquid, for different levels of liquid in the cylinder part. Shift of the
hydroelastic frequencies are clearly put into evidence.

ss ssss

Figure 1: (a) Prestress equilibrium; (b) Fluid-structure domains at rest; (c) Hydroelastic vibrations
around the prestressed state.

The hypotheses are the following: the structure is supposed to be elastic and the quasi-static
displacement field us(h) is supposed to be known from a nonlinear simulation. Harmonic vibrations
are now considered around this static equilibrium state and the corresponding displacement field is
denoted u. The liquid is homogeneous, inviscid, incompressible and the potential energy of the free
surface due to gravity (or surface tension) is supposed to be negligible with respect to the kinetic
energy of the liquid and the potential and kinetic energies of the structure (those hypotheses come
from experimental observations). Therefore the liquid pressure is zero on the free surface.

2 COUPLED (U-P) FORMULATION

The coupled non-symmetric problem can be written such that (u, p) satisfy the following equations:

Ktan(us,u, δu) + C(p, δu)− ω2M(u, δu) = F(δu), ∀ δu ∈ Cu (1)
H(p, δp) + ω2ρfC(u, δp) = 0, ∀ δp ∈ Cu (2)

where us is known. All the forms in the previous equations are express as follow:

C(p, δu) =

∫
Σ

pn · δu ds ; M(u, δu) =

∫
Ωs

ρfu · δu dv ; F(δu) =

∫
∂tΩf

f · δu ds (3)

C(u, δp) =

∫
Σ

δp n · u ds ; H(p, δp) =

∫
Ωf

gradp · gradδp dv (4)

where n is the outward unit normal vector to the structure at the interface Σ, C(•, •) is a coupling
operator at the fluid-structure interface,F(•) comes from the external fluctuation load,M(•, •) and
H(•, •) are respectively the kinetic energy forms of the structure and the fluid. The tangent stiffness
operator Ktan(•, •) is the sum of the geometrical, material and the follower force contributions [3]:

Ktan(us,u, δu) = Kgeo(us,u, δu) +Kmat(us,u, δu) +Kfol(us,u, δu) (5)
The associated eigenvalue problem is non-symmetric. The projection of this problem on prestressed
dry modes are proposed in the following.
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3 PROJECTION ON PRESTRESSED DRY MODES

First, we consider the eigenvalue problem associated with the prestressed dry problem (i.e. structure
in vacuo) such that:

Ktan(us,u, δu)− ω2M(u, δu) = 0, ∀ δu ∈ Cu (6)

The K first dry modes and the associated circular frequencies are noted {uβ, ωβ}β=1...K . Then, as
the liquid motion is irrotationnal in linear vibrations, the fluid displacement potential ϕ can be used
instead of the liquid displacement field. It verifies, for each prescribed modal displacement of the
fluid-structure interface uβ , the following equations:

∆ϕβ = 0 ∈ Ωf (7)
gradϕβ · n = uβ · n ∈ Σ (8)

ϕβ = 0 ∈ Γ (9)

We shall highlight that this stage only involve linear system of equations. We now make the as-
sumption that the displacement and the induced pressure are expressed as linear combination of the
K dry modes and potential of displacements such that:

u '
K∑
β=1

uβκβ and p '
K∑
β=1

ρfω
2ϕβκβ (10)

where κβ are the generalized coordinates. The new problem can be expressed by considering the
induced pressure as an external load as:

Ktan(us,u, δu)− ω2M(u, δu) = −ρfω
2

K∑
β=1

C(p, δu)κβ, ∀ δu ∈ Cu (11)

By taking successively δu = uβ , for each dry modes, the reduced hydroelastic problem becomes:

K∑
β=1

{
ω2
β − ω2

(
1 +

K∑
γ=1

mβγ

)}
κβ = 0 where mβγ = −ρfC(ϕβ,uγ) (12)

We can show numerically that if the number of modesK is high enough, the first natural frequencies
of Equation (12) converge toward the hydroelastic natural frequencies of the fluid-structure system.

4 RIGID CYLINDRICAL TANK WITH AN HEMI-ELLIPSOID ELASTIC BOTTOM

The vibration problem of a rigid cylindrical tank with an hemi-ellipsoid elastic bottom and partially
filled with liquid is solved here by the finite element method (see Fig. 2 for the geometry and mesh).

Figure 2: (a) Ri = 0.144 m, Zi = 0.25Ri, T = 0.35 mm; (b) Fluid-structure geometry; (c) Number
of finite elements for the mesh definition: nθ = 10, nt = 5, nh = 10, nr = 10.
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Figure 3: Evolution of natural frequencies as function of the fluid height for h ∈ [0, 0.5] m. The 4
plots are respectively associated to mode 2, 3, 4 and 5 (30 dry modes are used for each fluid height).

In Fig. 3, the hydroelastic coupled natural frequencies of modes 2, 3, 4 and 5 have been
plotted as function of the fluid height. For each fluid height, the eigenfrequencies are obtained
either with or without prestressing. We can thus observe on those results the influence of the
nonlinear prestressed effect, which is not at all negligible in this specific example.

5 CONCLUSION

This work concerns the computation of vibrations of a structure in contact with an internal free
surface liquid. We consider that the hydrostatic pressure exerted by the incompressible internal
fluid on the flexible walls of the tank causes large displacements, thus leading to a geometric non-
linear equilibrium state. The change of stiffness related to this prestressed state induces a shift
in the resonance frequencies of the coupled linear vibration problem. A reduced order model,
based on the projection of the coupled system on the dry structural modes, is also proposed and
allows us to compute parametric solutions with low numerical costs and thus quantify the shift
of resonance frequencies for various tank filling levels. Future investigations are undertaken to
validate the proposed approach on more complex systems and to reduce the hydoelastic vibrations
using active/passive damping treatments.
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ABSTRACT 
 

This paper deals with the investigation of the dynamic effects on the friction power losses prediction. 
The proposed nonlinear dynamic model account for the actual time varying gear mesh stiffness with 
considering the frictional effects between meshing gear teeth. Constant and local coefficient of friction 
are introduced in the model formulation under several operating conditions. The equations of motions 
are developed by deriving the equations of Lagrange and solved the implicit scheme of newmark 
coupled with the Newton Raphson algorithm. Several numerical simulation results have been 
presented in order to highlight the dynamic effects on lubricated spur gear pairs and predict its 
corresponding friction power losses. Simulation results are confronted with experimental results 
obtained for FZG C40 spur gear pairs which running under several operating conditions (different 
loads and speeds). 
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1 INTRODUCTION 

The friction in meshing gear power loss is a critical factor affecting the gears efficiency in drive trains, 
gearboxes and transmissions [1]. It impacts not only the efficiency of the mechanical system but also 
influences vibration and noise behavior. 

The gear friction problem was already dealt in a significant number of studies by several 
authors in previous works as reviewed by references [2,3]. These studies were based on experimental 
measured power loss using roller test machine [1] and even FZG machine [4], on empirical formulae 
that are extensively used in gear transmission applications and can be found in the literature [1] and 
on EHL model [1]. 

In order to have accurate power losses predictions, a correct friction formulation is very 
important especially since it depends on several parameters like sliding and rolling velocities, load or 
contact pressure, radii of curvature of the surfaces in contact, surface roughness, and lubricant 
viscosity [1]. 

A spur gears studied in previous work [4], were analyzed under different operating conditions 
considering constant coefficients of friction. In the present work a twelve degree of freedom dynamic 
of one stage gear system model including EHL based frictional formulation has been developed. The 
main objective of this work is a comparison between two coefficient of friction approaches in gear 
power losses prediction including dynamic effects. The average power loss in dynamic stabilized 
conditions using a local coefficient of friction is compared with experimental results and with the one 
predicted using the classical methods (constant COF). 

2 MODEL PRESENTATION 

A twelve-degree-of-freedom gear dynamics model is presented in Figure 1 [4]. The gear system is 
accounted for by 4 nodes and to each node is associated 3 degrees of freedom (2 translational and 1 
torsional displacements). 

 
 

Figure 1. Gear Model presentation [4]. 
The equation of motion describing the dynamic behavior of the system has been developed by 

deriving the Lagrange equations with including frictional effects (constant or local COF  ) and 

neglecting centrifugal and gyroscopic effects. The equation of motion is detailed as [4]: 

                 , , , ,M X C X K t X K t X X F t X            
   (1) 

where  M ,  C ,   ,K t X   ,   ,K t X    are respectively the are the global mass, 

damping, nonlinear stiffness and frictional stiffness matrices;  X is the DOF’s vector and 
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   , ,F t X  is a vector including motor and load torques and internal frictional excitation. 

In order to consider the local coefficient of friction in the gear dynamic simulations, an EHL-
based   formula has been inserted in the mathematical formulation of the model. The equations (2) 

and (3) present the EHL theoretical model of Xu and Kahraman [1].  

0
3( , , , ) 2 6 7 8

0
h

bf SR P S b b b b
h re P SR V R   (2) 

   10 0log
0 1 4 10 0 5 9( , , , ) log hSR P S

h hf SR P S b b SR P b e b e       (3) 

where 0 0, , , , , ,h rSR P S V R   are respectively the slide to roll ratio, maximum Hertzian pressure, 

dynamic viscosity, surface roughness, rolling velocity, kinematic viscosity and equivalent radius of 
curvature; the coefficients 1b  to 9b  of equations (2) and (3) are given in Table 1 for axle gear oil. 

1b  -8.916465 2b  1.03303 3b  1.036077 4b  -0.354068 5b  2.812084 

6b  -0.100601 7b  0.752755 8b  -0.390958 9b  0.620305 
 

Table 1. Coefficients for equations (2) and (3). 

3 RESULTS AND DISCUSSIONS 

All the following simulated and experimental results are obtained for FZG C40 spur gear pairs. The 
geometric parameters of this type of gear are detailed in Table 2. 
 

 Z m (mm) a (mm) α (°) β (°) b (mm) 
Pinion 16 

4.5 91.5 20 0 40 
Wheel 24 

 

Table 2. FZG C40 gear geometric parameters [4]. 
 

Figure 2 presents the constant and the local coefficient of friction for C40 spur gear geometry 
at load stage K8 (Tm=171.585 N.m) and for two rotational speed (250 and 1000 rpm). The time 
varying local COF is calculated based on Xu and Kahraman EHL theoretical formulation (equations 
(2) and (3)). 

              
       (a) COF at 250 rpm                                               (b) COF at 1000 rpm 

 

Figure 2. Coefficient of friction variation for C40 spur gears at K8. 
Figure 3 shows the total friction power losses estimations for C40 gear geometry under quasi 

static and dynamic conditions. This figure presents the effect of two COF approaches (Constant and 
local COF). In fact, an increase of the friction power loss level is observed when using the time varying 
local COF and when increasing the rotational speed. These observations are experimentally validated 
as shown in Table 3. The simulations using local COF are closer to the experimental results than the 
ones with a constant COF. 
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                 (a) with constant COF at 250 rpm                                                            (b) with local COF at 250 rpm 

 

                                   
               (c) with constant COF at 1000 rpm                                                              (d) with local COF at 1000 rpm 

Figure 3. Friction power loss simulations for C40 spur gears at K8. 
 

K8 PVZP Exp [W] PVZP constant COF [W] PVZP Local COF [W] 
Error [%] 

(PVZP constant COF / PVZP Exp) 
Error [%] 

(PVZP Local COF / PVZP Exp) 
250 rpm 51.87 37.18 47.84 28.32 7.77 
1000 rpm 157.24 112.80 146.07 28.26 7.1 

 

Table 3. Experimental and simulated total friction power losses. 

4 CONCLUSIONS 

A dynamic model of a one stage spur gear system was developed in order to evaluate the total power 
loss considering frictional effects. The coefficient of friction is a key factor in predicting an accurate 
meshing spur gear power loss. The presented results prove the difference between simulations with 
constant and local COF. This difference can be explained with its dependency to load distribution 
variation affecting the Hertzian pressure. The selected EHL approach in simulations was validated by 
experimental results. 
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ABSTRACT 

 
This paper aims to investigate the crashworthiness capability of a metallic sandwich leading edge of 
a commercial aircraft subjected to bird strike events. 
A sensitivity analysis is presented, in order to determine the influence of the skin parameters (inner 
and outer faces and core thicknesses) on the leading edge crashworthiness and to determine, among 
the configuration able to withstand a birdstrike event, the best compromise in terms of weight and 
structural performances. In order to easily manage the design parameters and the output data, the 
ModeFrontier code was used in conjunction with the FE code Abaqus/Explicit. A dedicated python 
routine has been developed to define a fully parametric simplified vertical tail leading edge model. In 
order to fulfil the aerodynamic requirements, the external surfaces have been considered fixed during 
the sensitivity analysis and thus only the internal leading edge’s components have been modified to 
study their influence on the structural response. 
The global mass of the model, the maximum deformation, and the energy dissipated due to material 
failure and to the plastic deformations have been monitored and used to compare and assess the 
behavior of each configuration. 
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1 INTRODUCTION 

Damages resulting from birdstrike on aircraft can be extremely dangerous for the structural health. 
Therefore, extensive research studies have been focused on reducing the human and aircraft losses, 
by developing new materials and design configurations of the parts more exposed to the risks of 
birdstrikes, and by developing birds control programs at airports to reduce the birdstrike frequency. 
Thus, strict requirements were selected and continually updated by the aviation safety agencies (FAA 
and EASA) [1] in the certification procedures of each component of the aircraft. By the development 
of numerical features for design and simulation, these agencies allowed numerical bird proof 
qualification of the aircraft components, which presents a faster and low-cost approach to the aircraft 
design and test stages. In the use of these numerical features, three main aspects have to be considered 
when analysing the bird impact phenomena on the aircraft structures, which are: the bird model, the 
mutual interaction between the bird and the structure, and the structural response of the aircraft 
component to the impact. Especially when dealing with high velocity impacts, an appropriate 
numerical description of these aspects is mandatory to obtain a reliable analysis. In the literature, the 
bird modelling was deeply investigated [2,3]. Among the others, the Smooth Particle Hydrodynamic 
(SPH) technique was found the most representative approach for this problem [4]. The response of 
structure under bird impact was investigated in different works [5,6], and innovative material 
configurations were analysed in order to satisfy the agencies requirements. In order to limit the weight 
increase related to the adoption and to the development of structures able to withstand birdstrikes, 
composite and sandwich materials are usually employed. In this work, a metallic sandwich leading 
edge subjected to birdstrike is presented. SPH has been used to numerically simulate the bird and its 
interaction with the structure. A sensitivity analysis has been performed in order to find, among the 
configurations able to withstand a birdstrike phenomenon, the best compromise between weight and 
structural performances. 

2 SENSITIVITY ANALYSIS ON THE LEADING EDGE 

The investigated subcomponent is representative of the vertical tail leading edge of a general aviation 
aircraft. The presented model, shown in Figure 1, has been previously validated in [6]. The impact 
trajectory is normal to the leading edge at the central point. The impact velocity is equal to 129 m/s 
and the bird mass is 3.68 kg. 

The structure has been discretized by means of linear shell elements, while the bird has been 
discretized by SPH elements. In particular, the skin was modelled by means of layered elements in 
order to simulate the sandwich structure. An elasto-plastic material with failure option and a strain 
rete dependency has been considered for the structure. 

 

 
Figure 1. Bird and tested structure. 
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A parametric procedure has been established in order to assess the influence of the design 
parameters on the deformation and on the total mass of the structure. The procedure has been 
implemented in the ModeFrontier code. The design parameters of the sensitivity analysis are the 
thicknesses of the inner face, of the outer face, and of the core of the leading edge, as reported in Table 
1, where the starting values of these parameters are reported in red bold style. As output, the masses 
of the inner, of the outer, and of the core (and thus the total skin mass), the plastic and the damage 
energies of the skin, and the displacement of the central point of the skin have been considered. A 
configuration is considered feasible if the safety requirements are satisfied, in particular: the maximum 
displacement (along the impact direction) of central point of the skin must not exceed 370 mm (that 
is the distance between the inner skin and the main spar) and no penetration must occur. The plastic 
and the damage energies provide global information regarding the capability of the structure to 
dissipate the impact energy, which can result in a catastrophic or in a non-catastrophic failure mode. 
 
 Inner face: 

Al2024-T3 
Outer face: 
Al2024-T3 

Core: Hexcel – hexweb 
aluminum flexcore 

Analyzed values [mm] 0.4 – 1 – 1.4 – 2 0.4 – 1 – 1.4 – 2 3.125 – 6.35 – 9.375 – 12.7 
Table 1. Design parameters 

 
According to the sensitivity analysis, an increase of the outer and inner sandwich faces 

thicknesses leads to a decrease of the maximum displacement, while increasing the total mass. 
Moreover, it has been observed that similar effects are obtained by increasing the honeycomb core 
thickness; however, the effects in terms of the total mass increase are less relevant respect to the outer 
and inner face variations, as shown in Figure 2, where the central point displacement as a function of 
the components thicknesses and the total mass is reported. For sake of clarity, Figure 2 does not report 
all the possible parameters combinations. In particular, each curve represents the variation of the 
thickness value of the single sandwich component (Inner face, Outer face, Core), while the other two 
thicknesses are set equal to their starting values. 
 

 
Figure 2. Sensitivity analysis results. 

 
64 configurations have been analysed and, in this context, only the best and the worst 

configurations, in terms of global deformation, are reported. 
 
 Starting configuration Worst configuration Best configuration 
Inner thickness [mm] 0.4 0.4 0.4 
Outer thickness [mm] 1.4 0.4 1.4 
Core thickness [mm] 6.35 6.35 12.7 

Table 2. Design parameters of the starting, the best and the worst configuration 
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Figure 3 shows a comparison among the starting, the best, and the worst configurations in 
terms of global deformation at the end of the event. The worst configuration, which is the one with 
the minimum thickness for all sandwich components, is characterized by a catastrophic damage status; 
indeed, the bird penetrates the structure. The reduced frame tips distance, thus, is not a reasonable 
parameter to take into account to evaluate the performances as the displacement of the central point. 
The best configuration, on the contrary, shows a consistent performance improvement. Indeed, the 
frame tips distance was increased of about 93% and the central point displacement was reduced of 
about 40%. On the other hand, an increase of the total mass of about 5% is observed, which can be 
considered a good compromise respect to the performance improvement. 

 

 
Figure 3. Deformation comparison 

3 CONCLUSION 

In this work, a sensitivity analysis on a metallic sandwich leading edge subjected to a birdstrike 
phenomenon has been presented. Different configurations have been investigated, with different 
thickness of the sandwich inner and outer skins and of the sandwich core. According to the analyses, 
the impact behaviour is strongly influenced by the investigated parameters. As a matter of facts, the 
configuration characterized by the minimum thicknesses is the one most damaged during the impact. 
On the other side, the best configuration is the one which offers the best compromise between the 
structural performances (the central point displacement is reduced of about 40% respect to the starting 
configuration) and weight (which is increased of 5% respect to the starting configuration). 
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ABSTRACT 
 

Nonperiodic metamaterials with appropriately designed resonator distributions can have superior 
vibration attenuation capabilities compared to periodic metamaterials. In this study, we present an 
optimization scheme for the resonator distribution in rainbow metamaterials that are constitutive of 
a Π-shaped beam with parallel plate insertions and spatially varying cantilever-mass resonators. To 
improve the vibration attenuation of rainbow metamaterials at specific design frequencies, two 
optimization strategies are proposed, aiming at minimizing the maximum and average receptance 
values. Objective functions are set up with the frequency response functions predicted by the 
displacement transfer matrix model. The masses of the two sets of resonators, clamped at different 
side walls of the Π-shaped beams, constitute the set of design variables. Optimization functions are 
solved using a genetic algorithm method. Results of case studies showed that the receptance values of 
the nonperiodic metamaterial is greatly reduced within the optimization frequency range, in 
comparison to the periodic metamaterial. 
   

149



MEDYNA 2020  17-19 February 2020, Napoli (Italy) 

 

 

2 

 

1 INTRODUCTION 

Metamaterials are a new class of artificial composites engineered to have novel properties that cannot 
be found with natural materials. Metamaterials have attracted much attention in many research fields 
[1-5]. Metamaterials were originally introduced to tailor electromagnetic optical waves [1-2]. 
Nowadays, the concept of the metamaterial has expanded to include acoustic and elastic waves which 
are the focus of this work. New properties, such as negative effective mass, negative effective dynamic 
stiffness and negative bulk modulus, can be obtained using elastic/acoustic metamaterials. An 
important feature of elastic/acoustic metamaterials is the existence of bandgaps within which no waves 
can propagate [3-4]. Locally resonant bandgaps, relying on the resonance of internal oscillators, occur 
at frequencies much lower than those due to Bragg scattering. 

A large number of elastic/acoustic metamaterials have been proposed with various local 
resonators. Most of the proposed metamaterials are periodic structures. Although these periodic 
metamaterials are applicable for manipulating wave propagation and providing low-frequency 
vibration attention, broad bandgaps are difficult to achieve. Few researchers have presented 
nonperiodic metamaterials with spatially varying resonators. Sun et al. [3] and Pai [4] made the first 
attempt at investigating metamaterials with spatially varying mass-spring-damper subsystems. They 
found that their metamaterials could have better vibration attenuation with properly designed 
nonperiodic resonators. Their design procedures were, however, mainly based on trial and error, which 
is unlikely to give optimal designs and possibly leaves a large design space unexplored. 

In this paper, we propose a design approach for the distribution of resonators in nonperiodic 
metamaterials. Optimization objective functions are set up on the basis of the displacement transfer 
matrix model. A genetic algorithm optimization method is employed to search the optimal 
nonperiodic distributions of resonator masses that can generate optimal receptance values at the 
frequencies of interest. 

2 ANALYTICAL MODELLING METHOD FOR THE RAINBOW METAMATERIAL 

Figure 1 shows the schema of the proposed rainbow metamaterial. The Π-shaped beam is partitioned 
into substructures by periodic plate insertions. Non-symmetric cantilever-mass subsystems are 
clamped to the two side walls of the Π-shaped beam in each substructure. Instead of being periodic, 
the resonating subsystems are spatially varying along the length of the beam, hence the term 
“rainbow”. 

An analytical model built on the basis of the displacement transfer matrix model (see [5] for a 
more in depth description of the model) is employed to determine the receptance function ecR  of the 

rainbow metamaterial, as 

10 ,20 logec m r x L
R w F


                                                         (1) 

where  F  is the excitation force on the metamaterial beam and ,m r x L
w


 is the displacement of the 

beam. 

  
Figure 1. Illustration of the global view of the rainbow metamaterial. 

3 OPTIMIZATION STRATEGY 
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In order to maximize the vibration attenuation of rainbow metamaterials in a prescribed frequency 
range, two optimization strategies are proposed that use two objective functions individually. One 
objective function is set based on the maximum receptance value within the prescribed frequency 
range, given by 

   1 2min   max , ,ecR Μ Μ Φ                                                        (2) 

where   1 11 12 1, ,..., tm m mΜ  and   2 21 22 2, ,..., tm m mΜ  represent the mass of the resonators at different 

sides of the complex beam respectively, t  is the total number of segments in the metamaterial beam 

and   1 2f fΦ   is the prescribed frequency regime. The receptance within the prescribed frequency 

range is low when the maximum value remains minimal; the vibration attenuation is thus optimized. 
The mass of each resonator cannot be less than zero, constraints of the design variables are hence 
given by 

. .   0. =1,2.  1, 2,...,  ijs t m i j t                                                           (3) 

The mean value is another indicator of the receptance value quality within a prescribed 
frequency range, therefore, the other objective function is set based on the mean receptance value 
within the prescribed frequency range, given by 

      
 1 2

2 1

, ,
min    

ecR df

f f
Φ

Μ Μ Φ




.                                               (4) 

The constraints on the design variables defined by Eq. (4) are similarly applicable to the 
maximum value-based optimization objective function. A genetic algorithm method is employed to 
solve the objective functions in Eqs. (2) to (4). 

4 OPTIMIZATION EXAMPLES 

For the purpose of reducing vibration at low frequencies, a prescribed frequency range 130 Hz 
to 150 Hz, which is around the first resonance frequency of the backbone beam, is used for the 
optimization examples. Receptance values of the rainbow metamaterials with optimal resonator mass 
distributions obtained by the two optimization strategies are compared with those of complex beams 
of the same mass but without resonators, as shown in Figs. 2(a) and (b) . As can be seen, both of the 
two optimal rainbow metamaterials show bandgaps within the prescribed frequency range, hence, the 
receptance values are significantly reduced. The optimal metamaterial in Fig 2(a) has a maximal 
receptance approximately 38 dB less than that of the structure without resonators. The mean 
receptance difference between the optimal structure and the no-resonator beam, shown in Fig 2(b), is 
approximately 33 dB. Both maximum and mean displacements within 130 Hz to 150 Hz can be 
reduced by a factor of more than 70 with the optimization process.  
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(a) 

 
(b) 

Figure 2. Receptance value comparison between optimal rainbow metamaterial beams (solid line) by 
maximal receptance value based objective function (a) and by average value based objective function 
(b) and no-resonator Π-shaped beam (dashed line) of the same mass. The ratios of resonator masses 
to that of the backbone structure of the optimal beams are plotted in the subfigure. 

 
In addition, as shown in Figs. 2(a) and (b), the optimal structure, derived using a maximum 

value based objective function, has a broader bandgap of higher receptance value within the prescribed 
frequency range, which is opposite to the optimal structure derived by the mean value based objective 
function. The optimization strategy can be chosen according to the requirements of different 
applications. 
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ABSTRACT 
 

Nowadays monitoring health conditions of machines is necessary to reduce costs and repairing time 

and to secure the quality of the products. Therefore, the potential of acoustic measurements in 

combination with machine learning techniques for non-invasive diagnostics of machine performance 

has been investigated. The idea is to establish relations between the acoustic images produced by a 

sound camera and the machine conditions and then create a strategy for processing the images using 

Convolutional Neural Networks. Several working conditions of the machine have been considered 

and experiments have been performed both under nominal and abnormal conditions of the machine, 

obtained by mimicking the presence of a disturbance. The use of the algorithms for image 

classification allows isolation of the faults in the machine behaviour by the definition of the primary 

sound sources. The procedure shows promising results with a short computational time, easy 

application and high accuracy. 

1 INTRODUCTION 

The semiconductor manufacturing is one of the most technology-evolving market sectors. In order to 

reach a competitive position in semiconductor industry the most important challenges that a 

fabrication plant must face are the reduction of costs and the increase of production. Predictive 
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maintenance is one possible way to address these challenges. Many manufacturing stations are already 

equipped with sensors, such as accelerometers, and data coming from these sensors are often 

processed with Machine learning algorithms. However, a body-mounted sensor represents an 

extraneous mass and it affects the dynamics of the system. This problem leads to the necessity to find 

a measurement equipment for non-intrusive condition monitoring and a sound camera shows 

promising results in this sense. The idea is to establish relations between the acoustic images produced 

by the camera and the machine conditions using Machine Learning algorithm in order to predict the 

behaviour of the system by artificially simulating the presence of a disturbance. 

2 PREPARATION  

The experiments are performed on a wire-bonder machine produced by ASM Pacific Technologies 

[1]. The sound emitted by this machine during operations is recorded with the sound camera Sorama 

CAM64 [2] that comes with a Portal to analyse the produced acoustic images. The images will be 

used to feed a Convolutional Neural Network (CNN), built using Python and TensorFlow [3]. 

2.1 Wire-bonder and abnormal conditions 

The wire-bonder machine has three orthogonal stages moving along three orthogonal axes and the 

motion of each stage is controlled by a closed loop. Detailed instruction on the wire-bonder are in [4].  

Focusing on the feedback controller in the loop, increasing its gain means increasing the bandwidth 

so the dynamics of the system can be affected by abnormal vibrations at resonance frequencies. 

Working on the feed-forward controller instead it is possible to insert an artificial force which mimics 

the braked response with friction or to introduce a random force that simulates the vibrations coming 

from the environment. All these disturbances will introduce new frequencies of the oscillation that 

can be found by analysing the sound emitted from the machine. 

2.2 Sound camera and acoustic images 

Sorama CAM64 can record the sound coming from a sound source and it can produce different kinds 

of acoustic images. Further information about the camera can be found in [5].  In the intent of the 

project the spectrograms will be considered: they are frequency-vs- time chosen to identify which axis 

or combination of axes of the machine are performing operations by the analysis of the emitted sound.  

 

 

 

 

 

 

 

 

 

In Figure 1 three portions of the spectrograms collected during the experiments are presented and by 

observation a user can recognize which stage is moving. The scope of the project is to teach to a 

computer to learn directly from the images collected. 

2.3 Convolutional Neural Network 

Machine learning techniques and Convolutional Neural Networks (CNN), exploit the capability of 

computers to receive data and to learn from them, by modifying the algorithms step-by-step. More 

information about the use of CNN can be found in [6]. Images coming from the Sorama Portal should 

Figure 1: Sound camera and portions of spectrogram 
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be frameless, then cut in slices and then resized to be squared ones. Each image comes with a label 

that underlines which stage of the machine was acting when the image was collected. Furthermore, 

the images are split in two groups: a training set, used to insert in the network the recognition and 

classification phase and a test set, to test the capability of prediction. The workflow of the process is 

presented in Figure 2. 

 

 
Figure 2: Map of the process using CNN 

3 STATEMENT OF THE PROBLEM 

Several working conditions of the machine are tested. First set of measurement is collected during the 

motion of the stages with a given trajectory and a fixed acceleration. To test the robustness of the 

procedure other three trajectories in normal conditions are tested and a smaller dataset is created. Then, 

new images are collected by artificially simulating the three types of abnormal behaviour mentioned 

in the paragraph 2.1.  

3.1 Prediction in healthy conditions  

The images in the first dataset are 2896, squared, with pixel value between 0 and 255 and then rescaled 

in the range 0,1. They are then converted in greyscale in order to reduce the computational cost and 

then organized in 8 classes, with 8 different labels. The accuracy is around 95%. Testing the images 

coming from different trajectories there is an expected reduction of the accuracy that oscillates around 

85%, according to the reduction of the number of images in the dataset.   

In Figure 3, an example of the classes in the network is presented.  

 
Figure 3: Example of the classes of the network in healthy conditions 

3.2 Prediction in artificial unhealthy conditions 

The first type of abnormal behaviour is simulated by increasing the gain of the feedback controller. 

Some frequencies will show a higher SPL and, in the spectrum, it will result in a higher peak at some 

resonant frequencies, as presented in Figure 4.  

 
Figure 4: Spectra in presence of resonance frequencies (blue) and in normal conditions (red) 
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The values presented in the plot have been normalized due to confidential issues. Furthermore, to 

mimic the effect of the friction a force will be introduced: this force is given by a constant Coulomb 

friction component and a viscous one depending on the velocity. In this case new frequencies will 

show a tail behaviour. In the case of random vibration, it should be underlined that a horizontal line in 

the spectrogram is representative of a harmonic function. In the spectrogram three groups of horizontal 

lines will appear, due to the definition of the chosen disturbance.  In addition to the first network, three 

networks will be built by using the images coming from these three experiments. The fourth network 

is representative of all the disturbance sources and it is composed by 28 classes, instead of the eight 

classes of the network for the healthy conditions. In Figure 5 the result of the complete network is 

presented. 

 

 
Figure 5: Results of the prediction phase 

4 CONCLUSIONS AND FUTURE APPLICATIONS 

The final network can recognize which stage or combination of sage is performing operations, if the 

wire bonder is working in healthy conditions or if one of the disturbance sources is changing the 

dynamics of the machine. In conclusion, the behaviour of the machine influences the frequencies of 

the emitted sound and using a sound camera is possible to detect the deviances from the normal 

conditions. The initial hypothesis about the use of spectrograms to get suitable information for neural 

network application is confirmed and, despite the reduced number of layers, the accuracy of the image 

classification procedure is high. In the end, the application of the sound camera shows promising 

results in condition monitoring without changing the dynamics of the machine. In the coming future, 

further application of the mentioned procedure will lead to a deeper knowledge of the problem: new 

kinds of disturbances will be tested also on several machines in the workstations. New images, such 

as the hologram can give information about the spatial distribution of the emitted sound in order to 

identify the locations of the primary sound sources during the motion of two stages. Furthermore, new 

types of Machine Learning techniques can perform the classification tasks directly on the recorded 

sound without using the acoustic images. So, the project opens the way to new possibility to 

investigate in the field of application of sound camera for non-intrusive condition monitoring and 

predictive maintenance.  

5 REFERENCES  

[1] ASM Center of Competency, https://alsi.asmpt.com/ 

[2] Sorama Cam64, https://www.sorama.eu/cam64 

[3] Tensorflow, https://www.tensorflow.org/ 

[4] ASM Technology Singapore, Wire bonding apparatus comprising rotary positioning stage, 

2012. 

[5] Sorama, Guided Preparation - Preparation Help, 2017.  

[6] Stanford University, CS231n: Convolutional Neural Networks for Visual Recognition, 2019. 

156

https://alsi.asmpt.com/
https://www.sorama.eu/cam64
https://www.tensorflow.org/


MEDYNA 2020 17-19 February 2020, Napoli (Italy)

UNCERTAINTIES IN WAVE CHARACTERISTIC OF
TWO-DIMENSIONAL PERIODIC MEDIA USING THE FUZZY

WAVE FINITE ELEMENT METHOD

R. P. Singh1,2*, S. De Rosa1, F. Franco1, O. Bareille2, M. Ichchou2 and G. Petrone1

1Laboratory for promoting experiences in aeronautical structures and acoustics
Department of Industrial Engineering

University of Naples “Federico II”, Via Claudio 21, 80125 Napoli, Italy
Email: ravipratap.singh@unina.it, sergio.derosa@unina.it, francesco.franco@unina.it,

giuseppe.petrone@unina.it

2Vibroacoustic and Complex Media Research Group, LTDS,
Ecole Centrale de Lyon,

36 Avenue Guy de Collongue, 69134 Ecully, France
Email: ravi-pratap.singh@ec-lyon.fr, olivier.bareille@ec-lyon.fr, mohamed.ichchou@ec-lyon.fr

ABSTRACT

The periodic structures exhibit a considerable amount of scattering in material properties during 
the manufacturing process and mechanical properties evaluations. Due to imprecision and non-
availability of the information about the parameter, the uncertainty is modelled as fuzzy variable. In 
this paper wave finite element method in conjunction with fuzzy logic and algebra defined as fuzzy 
wave finite e lement m ethod h as b een a pplied f or f ree w ave p ropagation i n t he two-dimensional 
periodic structure. The formulation is derived for the direct form where frequency is imposed, and 
wavenumber dispersion is obtained. The dispersion curves for the out of plane flexural waves with 
fuzzy parameters have been used to illustrate the proposed approach. In the numerical simulation, 
target is to look for the possibility to find the variation of the frequency band gap (frequency 
region, where waves cannot propagate). The validation of the presented method is carried out for 
the free wave propagation for the periodic plate by comparison with WFEM MCS results.

1 INTRODUCTION

The design of periodic media is generally based on deterministic models without considering the 
effect of intrinsic uncertainties existing in these media. In general, the design is aimed at con-
trolling as much as possible the mechanical waves; however, inherent uncertainty may affect their 
characteristics [1]. Periodic media are diffused in all the transportation engineering and demand 
a high level of robustness, which can be ensured with the careful consideration of the presence of 
uncertainty in the numerical models. The uncertainties, in terms of material properties and geomet-
rical parameters, are mostly exhibited in both the manufacturing and assembly processes [2]. The 
exact sources of uncertainty are rarely found since their identification represents a  difficult task. 
When faced with incomplete information about the uncertainties, the adoption of the probabilistic

1
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approach can result in very challenging evaluations. In this scenario, the fuzzy set theory offers
a way to approximating the uncertainty distribution in the form of the confidence interval through
fuzzy membership functions [3]. These are equivalent representations for the characterization of
the linguistic, vague and missing data uncertainties [4].

To predict the wave characteristics of the periodic media in the presence of imprecise un-
certainties, the wave finite element method (WFEM) in conjunction with fuzzy logic and algebra
is developed and named as fuzzy wave finite element method (FWFEM) [4]. For two-dimensional
wave propagation, firstly, the most significant input parameters such as Young’s modulus and mass
density are identified and then fuzzified using the membership functions. The triangular member-
ship functions have been used in this paper. Then, the fuzzy uncertainty propagated using the α-cut
approach. The dispersion curves for the out of plane flexural waves with fuzzy parameters have
been used to illustrate the proposed approach. In the numerical simulation, targete is to look for the
possibility to find the variation of the frequency band gap (frequency region, where waves cannot
propagate). The validation of the presented method is carried out for the free wave propagation for
the periodic plate by comparing the result with the WFEM Monte Carlo Simulation (WFEM MCS)
results.

2 FWFEM FORMULATION FOR TWO-DIMENSIONAL PERIODIC MEDIA

The fuzzy variables are modelled using the fuzzy membership functions. Every term in the formu-
lation, denoted with subscript α is the fuzzy membership level. The symbol () denotes the fuzzy
arithmetic operations. The definition of the fuzzy membership function and α-cut (fuzzy member-
ship level ) can be referred in the one-dimensional formulation in the previous paper by the same
authors [4]. If imprecision is present in the material properties, which contribute to the stiffness and
mass matrix and introduce fuzzy uncertainty in the dynamic matrix, then the global fuzzy dynamic
equilibrium [5] of a substructure represented as the time-harmonic equation of motion as(

Kα − ω2
αMα

)
(.)qα = fα (1)

where Kα is the fuzzy stiffness matrices, Mα is the fuzzy mass matrices, ωα is the fuzzy circular
frequency, fα is the fuzzy nodal forces vector, and qα is the fuzzy nodal displacements vector.
The Eq. (1) is used to form the fuzzy spectral problem involving wavenumber in x direction (kx),
wavenumber in y direction (ky) and fuzzy circular frequency ωα. The fuzzy dynamic stiffness
matrix can be expressed as Dα = Kα − ω2

αMα.
Introducing the periodic structure theory for the unit cell and considering a time-harmonic

response [6] the fuzzy harmonic equation of motion Eq. (1) leads to fuzzy eigenvalue problem.
Considering that the frequency ω and one wavenumber is known, it this case the fuzzyeigenvalue
problem can be formulated as fuzzy quadratic eigenproblem in λxα form, when λxα is unknown
and (ωα, λyα) are given[

(D21α(+)D43α(+)D41α(.)λ−1
yα (+)D23α(.)λyα)(+)µiα(.)(D11α(+)D22α(+)D33α(+)D44α

(+)(D31α(+)D42α)(.)λ−1
yα (+)(D13α(+)D24α)(.)λyα)

(+) µ2
iα(.)(D12α(+)D34α(+)D32α(.)λ−1

yα (+)D14α(.)λyα)
]

(.) (Φqα)i = 0 (2)

where (Dijα) i, j = 1, 2, 3, 4 are the element from the fuzzy reduced dynamic stiffness matrix.
λxα , λyα are the fuzzy propogation constatins in x and y direction respectively. Φqα are the fuzzy
eigenvector matrix. The fuzzy quadratic eigenproblem solved using the α-cut method and propa-
gating wavenumber in x direction (kxα) and y direction (kyα) are identified.

3 NUMERICAL RESULTS

In this section, the validation of the FWFEM formulation is presented for two-dimensional perioidic
plate case. The schematic of periodic plate is reported in Fig. 1a. The periodic plate unit cell is
modeled with four noded elements with three degree of freedoms at each node. The sides of the
unit cell are Lx = Ly = 0.1 m with thickness h = 0.005 m. The unit cell is made of two isotropic
materials and material properties are reported in Table 1.

The validation of the developed FWFEM formulation is presented for the out of plane flex-
ural wavenumber in the considered periodic plate. The considered frequency range is [0-3000] Hz.

2
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Table 1: Material properties for the periodic plate

Property Value
Young’s modulus of Material 1 70 ×109 Pa
Young’s modulus of Material 2 210 ×109 Pa
Poission’s ratio of Material 1 and Material 2 0.3
Mass density of Material 1 2700 kg/m3

Mass density of Material 2 7800 kg/m3

The Young’s modulus of sub-plate type A and sub-plate type B are considered imprecise. The vari-
ation of (10%) about the nominal values of Young’s modulus is studied. The elasticity of sub-plate
type A (material 1) and sub-plate type B (material 2) are fuzzified using triangular membership
function and shown in Fig. 1b and Fig. 1c. The WFEM MCS with 10000 samples is considered

(a) Schematic of the periodic plate and
unit cell (b) Fuzzified material 1 (c) Fuzzified material 2

Figure 1: Schematic of periodic plate and fuzzified material properties with 10% uncertainty. The
unit is (Pa)

as the reference solution for the validation. The out of plane flexural wavenumber dispersion is
computed from FWFEM formulation at α-cut=0 (maximum variation) and obtained fuzzy upper
and lower bound is compared with the ones carried out by WFEM MCS approach. The comparison
of the upper and lower bound is shown in Fig. 2. The comparison shows the excellent agreement of
the FWFEM results with the reference results. It verifies the applicability of FWFEM formulation
for periodic plate case. From the comparison presented in Fig. 2, it can be observed the band gap
starting approximately around 2352 Hz. Near around the same frequency, the variation of the upper
and lower bound is maximum see as in Fig. 2(b). Also inferring to Fig. 2 inside the band gap zone
there is a very minimum variation of out of plane flexural wavenumber. It confirms the validity of
the FWFEM formulation for the periodic plate case.

3.1 Elapsed time comparison for FWFEM two-dimensional periodic media

Another important result is related to the computation cost and a comparision between FWFEM
and WFEM MCS is computed. The numerical costs involved in computation is compared with that
of MCS with 10000 samples. The numerical test ran on the mobile workstation with the following
characteristics, Intel R© CoreTM i7 7820 HQ CPU@2.90GHz with 32 GB RAM. The comparison
of elapsed time is reported in Table 2. It can be seen from Table 2 that computational effort by

Table 2: Elapsed time comparison for FWFEM

WFEM MCS (10000 samples) FWFEM (11 α-cut level)
Two-dimensional direct form 14400 seconds 122.52 seconds

application of FWFEM direct form is 99.1% less compared to WFEM MCS.
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(a) Comparision of the out of plane flexural
wavenumber (fuzzy Young’s modulus) (b) Zoomed part

Figure 2: Periodic plate validation

4 CONCLUSIONS

A computationally inexpensive fuzzy spectral approach to study the uncertainties effects in two-
dimensional periodic media is presented in this paper. The formulation applied to periodic plate up
for the frequency range [0-3000] Hz. The validation of present results is performed by comparing
with the WFEM MCS results and it provides excellent agreement. For periodic plate case, uncer-
tainties affect the out of plane flexural wavenumber and maximum bound of the flexural wavenum-
ber occurs near the band gap edge frequency. The analysis presented in this paper suggest that
the uncertainties have a significant impact on the band gap frequencies. It is highly desirable to
include the uncertainties when designing and analysing the periodic structures. In terms of compu-
tation cost, developed formulation offers substantial cost savings and can be a good point for the
optimisation and reliability study under uncertainties of complex periodic structures.
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ABSTRACT 
 

The use of periodic media as passive mechanical and acoustic vibration filters has become a research 

topic of great interest. The classic cores dynamic characteristics have been widely studied and only 

for very few configurations revealed partial Bragg bandgaps using simple beam models. In this paper, 

an innovative negative Poisson’s ratio cellular core, derived from the classic re-entrant core geometry 

is proposed and optimized maintaining constant its overall volume and mass, with the aim of 

improving its vibration filtering capabilities while leaving its static properties unvaried. The 

numerical method used to perform this is the Wave Finite Element Method (WFEM) and the 

optimization focused on obtaining the widest full in-plane bandgap. Harmonic numerical analyses 

using commercial FEA software are also carried out to validate the bandgaps. 
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1 INTRODUCTION 

Periodic structures can be found in almost every engineering domain. Periodicity is a feature 

that can be found in the structure’s geometry as well as in its constituent materials. The industrial 

world has moved in favour of such strategy mainly because it represented a cost-effective solution but 

lately, this characteristic has also been exploited for acoustic and mechanical wave annihilation or 

transmission. Impedance mismatches caused by the periodic features will passively filter unwanted 

and potentially dangerous structure Bourne vibrations because the injected wave will experience 

internal reflection and consequent destructive interaction within the structure [1]. Sandwich panels are 

a well-fitting example of periodic engineered building bricks for complex structures which had to be 

light and withstand high loads and solicitations. Sandwich panels are made with two laminate skins 

and a light-weight core to separate them which can be made of porous media like a foam or a cellular 

structure. Amongst the latter, the hexagonal cell periodic core is the one with the higher stiffness to 

mass ratio [2] and this translates in high static properties. The configuration which has been found to 

possess the most interesting filtering properties amongst the classic ones is indeed the re-entrant also 

known as the inverted hexagonal. Whilst static performance might be the only requirement for some 

structures, increasing effort in improving the dynamic properties of sandwich panels has been made 

lately. Most adopted solutions though cause an increase in mass (addition of viscoelastic patches, foam 

inserts, resonating elements) and may become non-trivial manufacturing or assembly tasks. The 

solution presented in this paper instead is an improved re-entrant cellular structure that maintains 

constant volume and mass and static out of plane properties. 

2 NOVEL RE-ENTRANT CELL 

This cellular core is derived from the classic re-entrant configuration, which exhibited 

directional wave propagation characteristics [3] when exposed to out of plane solicitation. Although 

this is an interesting feature, the availability of a cellular core producing full Bragg bandgaps is also 

of great interest. The Directionality and hierarchy concepts [4] in this case were used as a tool to create 

a full in-plane bandgap by placing “child” re-entrant cells of smaller size and different orientation onto 

the main frame constituted from “parent” re-entrant cells. The starting configuration is therefore the 

classical re-entrant cell and as we increase the size of the “child” cell (𝑒), the cell’s wall thickness is 

reduced to maintain the core’s encumbrance and mass constant [5], as shown in Figure 1. The overall 

cell encumbrance is 20mm*12.125mm*15mm. 

 

 
Figure 1 - Re-entrant unit cell (left), Optimised cell evolution (middle), Optimised unit cell (right) 

3 NUMERICAL METHODS 

Numerical tools were developed to perform WFEM and investigate wave propagation. the 2D 

in-plane periodicity dynamic analysis was carried out adopting the inverse WFEM formulation [6-9], 

based on the Floquet-Bloch periodic boundary conditions, in which the reduced wavenumber is 
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imposed, and the output frequency calculated.  The tool is a synergy between MATLAB 2019 and 

ANSYS APDL 19.0 R2. The model parameters used for the simulation are listed in Table 1. Initially, 

the dispersion curve for the classic re-entrant configuration will be produced and then the geometrical 

optimization is carried out. 

 

MODEL DETAILS MATERIAL PROPERTIES (MDF) 

Element Type SHELL 181 Young’s Modulus 4.20 𝐺𝑃𝑎 

Element Size 1.00 mm Density 818 𝑘𝑔 𝑚3⁄  

Element thickness 0.30 - 0.19 mm Poisson’s Ratio 0.33 
Table 1 - Model and material details 

3.1 Re-entrant cell 

The unit cell for the re-entrant core is shown in Figure 2 as well as the dispersion curves for 

the frequency range 0-10 kHz. This geometry clearly shows some partial bandgaps across the XY 

plane direction for all types of waves traveling the media (AB & BC in the k-space). The steep branch 

starting from zero is a compression mode which translates that there is no compression bandgap within 

this frequency range along the X and Y direction. Directional (X-axis) in-plane and out of plane 

bending bandgaps are present.  

 

 
Figure 2 - Re-entrant unit cell and dispersion curves 

3.2 Optimized cell 

The optimized re-entrant unit cell is shown in Figure 3 as well as the dispersion curves for the 

frequency range 0-10 kHz. Figure 3 clearly shows show a full bandgap of noticeable width (1.1 kHz) 

which is found between 4.9 kHz and 6.0 kHz.  

 

 
Figure 3 - Optimised re-entrant unit cell and dispersion curves 
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4 CONCLUSIONS 

The auxetic core has interesting partial and directional Bragg bandgaps but further 

improvement seemed necessary. The optimisation conducted in this work produced a wide full Bragg 

bandgap which represents a valid improvement of the dynamic behaviour of the “parent” cellular core. 

The overall full bandgap evolution can be observed in Figure 4 as parameter 𝑒 is increased to its 

maximum admissible value. An experimental campaign will be conducted to complete the validation. 

 

 
Figure 4 - Bandgap width evolution during geometrical optimisation (fc = central frequency ; fi = initial frequency ; fe = end frequency) 
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ABSTRACT

The main objective of this work is to make a step further to bridge the gap between two different
worlds and bring together the use of optical measurement techniques with structural dynamics
testing and analysis. The recent advances in both fields allow to combine the use of cameras
with modal analysis tools in order to reconstruct the dynamic behavior of a structure in a large
frequency band and with a very high spatial resolution. The use of Digital Image Correlation
(DIC) is gaining popularity in many application fields and here it is applied to obtain the full-
field mode shapes of different type of structures, from lab experiments to a full aircraft. This is a
clear advantage especially in proximity of connection points and for lightweight structures where
it becomes complex or impossible to instrument the specimen by means of contact transducers
such as accelerometers or strain gauges. Of course, the data acquisition and processing has some
challenges to overcome. Laser Doppler Vibrometry and accelerometers are used to compare the
results obtained by means of DIC.
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1 INTRODUCTION

Nowadays, there has been an increase in applications of lightweight and composites materials in
the automotive, aerospace and other advanced manufacturing industries. At the state of the art
testing and validation for mechanical numerical models are mostly performed using a certain num-
ber of transducers (e.g accelerometers, strain gauges, fiber optics, etc...). However, accelerometers
may mass-load the structure and can only provide measurements at discrete locations. Further-
more, placing transducers is a labour intensive and time consuming task and it could introduce
electrical noise to the measured signals due to the extensive and unavoidable wiring. These are the
main reasons behind the development of image processing techniques to perform modal analysis
of mechanical structures without contact and without having to instrument the specimen. An opti-
cal method such as Digital Image Correlation (DIC) has recently received special attention in the
structural dynamics field because it can be used to obtain full field measurements, [1, 2]. At the
state of the art DIC is mostly used for static applications like structural testing and material identi-
fication. In the last years the use of DIC for measuring vibrations is gaining popularity. Particularly
DIC for vibration analysis was mostly performed on aerospace and automotive components and
rotating structures like turbine blades, helicopter rotors[3]. In this paper, DIC technique is used to
get the full-field displacement time histories of the unity under test. These information are then
used in combination with Siemens Simcenter Testlab to identify the dynamic characteristics of the
structures. Two real life examples were considered: an helicopter tail blade in lab conditions and
an aircraft in the hangar.

2 DIGITAL IMAGE CORRELATION

DIC only requires a set of cameras and a specimen which has been speckled (i.e. a gradient must be
present in the tested specimen, which can be created with spray paint, a marker, stickers, etc.) for
point tracking. The first image of camera 1 is used as a reference image to which the image of the
second camera (taken at the same time) is compared. The corresponding points can be triangulated
into a three-dimensional point in space if the orientation of the cameras is known (by performing
a pre-test calibration). The same points matching can be done over time so that each measurement
point can be tracked over time, leading to a total deformation tracking of the surface area of a
specimen.
This process holds some intrinsic requirements towards the images: a gradient, as well as contrast,
must be present so that features can be tracked. The size of these features lead to the minimal
size of the so-called subset which is tracked throughout the set of images. This is needed since a
single pixel is not a unique item due to the limited amount of gray scales which are stored in an
image (usually 8 bit cameras are used, so a maximum of 256 grey scales are available). A cluster
of pixels is however a unique set of data which can be tracked. This subset is restricted in the way
it can deform by assigning a so-called “shape function” to it, leading to an even higher amount of
robustness against noise. This, together with image interpolation for sub-pixel accuracy, leads to
high-quality and precise measurements of shapes and displacements.

3 EXPERIMENTAL ANALYSIS

Different test beds were investigated in order to analyze the challenges related to the use of Digital
Image Correlation for the dynamic characterization of aeronautical structures. More specifically, an
helicopter tail blade was analyzed by using high speed cameras. Afterwards the F16 airplane was
speckled and measured by using DIC together with accelerometers and a Scanning Laser Doppler
Vibrometer (SLDV).

3.1 Helicopter Tail Blade

The objective of this study is to perform a full-field modal analysis of an helicopter tail blade in lab
conditions. The specimen on which a white base coat has been applied is shown in Fig. 1(a). The
same specimen after the application of the white coat which was needed to create enough contrast
after applying the speckles (i.e. features), is shown in Fig. 1(b). Finally, the specimen used for the
DIC test is shown in Fig. 1(c). The structure was clamped on the right hand side using an heavy
mass to apply a fixed constraint. The experimental setup for the high speed cameras configuration
includes two iX 720 high speed cameras in a stereo DIC setup to grab the pictures of the specimen
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during the controlled excitation. MatchID software was used both for the image acquisition and
data processing. 8253 images were acquired and 10200 points were analyzed. Only the Z Degree-
of-Freedom (DoF) (out of plane motion) was considered due to the high computational cost to
process all the 3 DoFs.

Figure 1: Experimental set up: speckled blade.

The blade was pulled at its free-end and the free vibrations were recorded by using the stereo
setup. Operational Polymax was then used to perform Operational Modal Analysis (OMA) in order
to get the modal parameters estimation with the help of Siemens Simcenter Testlab. An Optomet
Scanning Laser Doppler Vibrometer (SLDV) device was also used to measure the vibrations of the
helicopter blade to obtain reference results to compare with the DIC estimated modal parameters.
Tab. 1 and Fig.2 show the comparison in terms of natural frequencies, damping ratios and mode
shapes.

(a) 1st Mode shape SLDV. (b) 2nd Mode shape SLDV. (c) 3rd Mode shape SLDV.

(d) 1st Mode shape DIC. (e) 2nd Mode shape DIC. (f) 3rd Mode shape DIC.

Figure 2: Mode shapes comparison.

Mode SLDV DIC
fn (Hz) ζn (%) fn (Hz) ζn (%)

1 22.36 1.99 22.19 3.95
2 105.40 1.14 102.10 2.05
3 159.90 0.71 158.91 0.99

Table 1: Modal parameters comparison.

A good match between DIC and SLDV results in terms of natural frequencies is achieved,
but DIC is overestimating the damping for all the three analyzed modes. Further studies will be
conducted to improve the damping estimation.
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3.2 F16 aircraft

A F16 aircraft was used as test bed to prove the reliability and robustness of the technique. The
structure was speckled using A4 paper sheets glued on the two wings and part of the fuselage as
shown in Fig. 3. The system was also instrumented using accelerometers and using the Optomet
SLDV to have a reliable modal model for the comparison with the DIC results. Only the out of
plane motion was considered. 932 images were acquired and 13959 points were analyzed. Fig. 4
shows the comparison between SLDV + accelerometers and DIC. A very good match both in terms
of natural frequencies and mode shapes can be highlighted. The damping is again overestimated.

Figure 3: Experimental set up: speckled aircraft.

(a) SLDV + accelerometers mode
shape (7.40 Hz, 0.43 %).

(b) DIC mode shape (7.32 Hz,
1.33 %).

Figure 4: Mode shapes comparison.

4 CONCLUSIONS

In this paper, the use of DIC for modal analysis is investigated. Different experimental measure-
ments results which combine conventional modal analysis (SLDV/accelerometers) with the novel
DIC experimental modal analysis are presented. The quality of the measured DIC data is very good
and its application in the modal analysis field in order to enrich the conventional modal analysis
results with high density data is very promising. Further studies will be conducted to establish a
streamline solution covering the full measurement and processing chain.
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ABSTRACT 
 

The purpose of this paper is to analyze the veering effect occurring in the wave propagation of multi-

layer core topology systems (MLCTS) and to study its influence on the acoustic efficiency. The 

structure is modeled with two methods considering either the entire unit cell or the skins and the core 

separately applying the Transfer Matrix Method (TMM). Both are combined with the Wave Finite 

Element Method (WFEM). MLCTS turns out a veering effect coupling shear waves propagating in 

the core and flexural waves of the structure compared to standard structures with the same mass. The 

interaction between an incident acoustic wave impinging the structure with a specific angle and the 

veering effect allow to remove the coincidence frequency due to the internal resonance of the core 

which dissipates the energy of flexural waves. This mechanism can be compared to internal 

resonators. Finally, it is shown that the veering effect and thus, the internal resonance can be 

controlled by modifying either the geometry of the core or by shifting core layers. 

 

Keywords: TMM-WFE / multi-layer periodic structure / Sound Transmission Loss / Veering 

effect / Internal resonance 
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1 INTRODUCTION 

The acoustic efficiency of lightweight structures became a widespread research topic these last years. 

Studies are mainly focused on the analysis of the wave propagation through structures obtained with 

the Wave Finite Element Method (WFEM) [1]. Recently, many methods were developed to model 

the acoustic properties calculating the sound transmission loss of sandwich panels made of periodic 

cores [2-4]. Dispersion curves and more specifically flexural waves can be used to predict coincidence 

frequencies and critical frequencies of sandwich panels. However, in some cases two different waves 

can be coupled in the structure and creates a veering effect at a specific frequency as it is explained by 

Mace and Manconi [5-6]. This veering effect can be increased depending on the damping of the 

structure. In addition, it is shown that such an effect occurs when coupled systems with string coupling 

are considered. In this paper, veering effects are observed in MLCTS depending on the shift between 

layers. The main purpose is to interact them with acoustic waves and to investigate the effect on the 

Sound Transmission Loss (STL). Firstly, a MLCTS is compared to a standard structure to show the 

veering effect occurring. Then, the calculation of the sound transmission loss is performed for a 

specific angle of an acoustic wave and coupled with the veering effect. Finally, the effect of several 

geometrical parameters is investigated. 

2 VEERING EFFECT IN MLCTS 

In this section, a standard sandwich panel made of a rectangular core (Fig. 1a) is compared with a 

MLCTS made of 4 layers of rectangular cores (Fig. 1b). In this configuration, the 2 middle layers are 

shifted to obtain the MLCTS.  

 
Figure 1. (a) standard structure (b) MLCTS. 

 

The size of the unit cell is fixed to Lx = 10 mm and Ly = 10 mm. The depth of each layer is 5 mm. 

The thickness of the skins and the core is 1 mm. The sandwich panel is made of ABS since the 3D 

printing technic is commonly used to manufacture these structures, with E = 1,8 x 109 Pa,  

ρ = 985 kg/m3 and υ = 0,35. The damping η is evaluated at 2 %. These values were acquired using a 

DMA test.  

After applying the WFEM, the dispersion curves are obtained in the x-direction as illustrated in  

Fig. 2. The flexural and shear wave are represented. The shear wave corresponds to waves travelling 

in the core. As it can be seen, according to the angle θ and φ of the acoustic wave, the coincidence 

frequency is changed. In the case of an angle θ = 75° and φ = 0°, the acoustic wave intersects the 

flexural wave of both structures which creates a coincidence frequency in the STL. The azimuth angle 

φ = 0° involves an acoustic wave travelling in the x-direction of the structure while θ is the grazing 

angle.  In addition, in the case of MLCTS a veering effect is observed between 7000 and 8000 Hz. At 

this frequency, the flexural and shear wave are coupled. As explained by Manconi et Mace [5], the 

veering effect is due to a coupled system. In the case of MLCTS, the two-middle layer are connected 
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to the first and last layers by point contact which involve impedance discontinuities and a drop of 

mechanical properties. Therefore, the flexural wave number is higher than standard structures (more 

rigid). Finally, the analogy with string-mass systems can be done considering that the skins attached 

to the first and last layer are connected with two middle layers with a less rigid string coupling and 

lead to the veering effect. It is then interesting to investigate how the coincidence frequency evolves 

when the coincidence frequency region occurs at the same frequency of the veering effect occurring 

when θ = 59° and φ = 0°.  

 
Figure 2. Flexural, shear and acoustic wavenumber of the standard structure compared to the 

MLCTS in the x-direction. 

3 VEERING EFFECT AND ACOUSTIC WAVE INTERACTION 

Two methods are applied and described in [2, 3] to calculate the STL. Christen et al. [2] considers the 

entire unit cell whereas Parrinello et al. [3] uses the TMM to be able to separate the calculation of the 

transfer matrix of the skins and the core which reduces drastically the computational cost. Results are 

depicted in Fig. 3. It is shown that the coincidence frequency is completely removed in case of 

MLCTS. The behavior of the MLCTS in this coincidence region is similar to resonating behavior. At 

this frequency, the wave mode shape is mainly due to the shear core effect which 

 

 
Figure 3. STL of the standard structure compared to the MLCTS for an acoustic wave with  

θ = 59° and φ = 0°. 
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dissipates the strain energy related to flexural waves as shown in Fig. 4. Therefore, the 2 middle layer 

cores act as internal resonators and lead to an improvement of the STL. This effect is observable if the 

dynamic behavior of the entire unit cell is considered and thus, the influence of the dynamic behavior 

of the core on the skins.  

 

 
Figure 4. Wave mode shape of the MLCTS in the veering frequency region. 

4 CONCLUSIONS 

It has been shown that MLCTS can produce a veering effect at a specific frequency. This veering 

effect is due to the interface between layers which creates a low rigid coupling between both skins. 

Therefore, the flexural wave and the core shear wave are coupled. In the case of the MLCTS, the 

energy of the flexural wave is dissipated in the core. This later then, acts as an internal resonator and 

leads to an improvement of the STL. Such an improvement is obtained when the acoustic wavenumber 

and the frequency in which the veering effect occurs are similar. The coincidence frequency is then 

eliminated. Finally, these results can be obtained keeping the mass constant compared to standard 

honeycomb sandwich panels using shifting cores. 
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ABSTRACT 
The main goal of the present study is the development of a numerical model well representing the 
system in terms of vibro-acoustic response to the effecting noise and vibration sources.    
The Shelter System has been designed and modeled with finite elements (FEM) considering both 
a structural and acoustic mesh of the internal air volume. A vibroacoustic numerical test with 
NASTRAN was then conducted to predict the level of acoustic pressure inside the cavity and more 
precisely close to the human ear; the main results obtained concern the acoustic pressure levels, 
inside the shelter, generated by the action of the power unit (PGU).  
Numerical data have been compared with results of a dedicated experimental campaign to check 
and update the numerical assumptions. 
 
1. INTRODUCTION 

 
The Shelters are able to withstand extreme conditions of use both structural and meteorological, 
providing the operator with optimal comfort conditions. 
The main requirements that must be kept under control in a shelter enclosure are mainly the  
temperature and internal noise level. With reference to this latter aspect, personnel shall be provided 
an acoustical environment that will not cause personnel injury, interfere with voice or any other 
communications, cause fatigue, or in any other way degrade system effectiveness. Noise affects 
human health and performance in several ways. Apart from environmental considerations, the most 
critical effects include noise-induced hearing injury and the impact of signal comprehension on 
communications, survivability, and mission effectiveness. 
The aim of this paper is to develop a vibro-acoustic model of a shelter system, in order to be able to 
predict the internal acoustics noise of a manned shelter system during the drafting phase.  After 
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numerical model validation due to experimental testing, some strategies will be proposed to reduce 
the internal noise of the shelter. 
The shelter that has been taken into  is composed by: an operating cabin where devices are set up to 
carry out the mission, a central compartment occupied by an antenna that can be raised in the 
operational phase and at the end we have a power unit and a cooling system outside. The shelter has 
four large paws that separate it from the ground, thanks to which it can be positioned horizontally 
compared to ground. 
 
2. ACOUSTIC PROBLEM 

 
Main interest of the work will be the structural transmission of low-frequency noise; the noise 
vibration load, that is considered, is generated only by the PGU that work at 50Hz. Tonal noise, or 
tonality, as a component of environmental noise can be an important factor in the annoyance of people 
listening to that noise. Environmental noise with audible tonal components generally results in higher 
levels of annoyance than broadband noise at a similar level. 
 
3. NUMERICAL MODELING 

 
Shelter structure can be considered as a complex structure. Due to this fact, modelling the structure 
accordingly to the actual structure might be difficult. Therefore, major simplification in modelling the 
structure was carried out when constructing the finite element model of the shelter system. Most of 
joints, iso-corners and door were all neglected during the model.  The Shelter structure is composed 
by aluminium truss and aluminium sandwich panels with thermal acoustic insulation foam inside. 
 
4. MODAL ANALYSIS 

 
The numerical modal analysis was performed on the both structural and acoustic parts separately and 
at least it was performed also on the full model considering the fluid-structure interaction. 
As shown below the main normal modes all fall within a range of 50Hz,  
therefore a strong fluid structure will be achieved. 

  

(a)  (b)  

Figure 1 Main structural normal modes: (a):10,5Hz; (b):48,3Hz 
 

(a) (b) 

Figure 2 Main acoustic normal modes: (a):47,2Hz; (b) 87,2Hz 
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5. EXPERIMENTAL TESTING 

5.1 Vibrational and  Operating deflection shape 

An operating deflection shape (ODS) is defined as any forced motion of two or more points on a 
structure. Specifying the motion of two or more points defines a shape. Stated differently, a shape is 
the motion of one point relative to all others. Motion is a vector quantity, which means that it has both 
a location and a direction associated with it. Motion at a point in a direction is also called a Degree of 
Freedom, or DOF. 
This technique has been performed so as to simplify the setting setup of the boundary condition, in 
fact it was used the operative configuration; an accelerometer has been positioned on the power units 
(Master accelerometer) and other satellites accelerometer (Slave) has been positioned in a lattice 
position on structure as shown in the following figure. 
 

Figure 3 Accelerometers disposition (a); Acquisition maesh (b) ; vibration spectra (c) 
 

Experimental tests show that the noise source is mainly tonal at 50hz which is the regime where the 
power unit works. 

5.2 SPL -  Sound pressure level 

At the same time the sound pressure level inside the shelter was measured while the current generator 
was switched on. The measurement was carried out thanks to the use of two microphones placed 
inside the passenger compartment; as shown in figure 8 (b) also in this case the vibro-acoustic noise 
is mainly tonal at 50Hz. 

 

Figure 4 Sound pressure level: (a): Test setup; (b): SPL (dB) 
 

6. NUMERICAL FREQUENCY RESPONSE  
 
To validate both the structure and the acoustic volume it is necessary to carry out a numerical 
frequency response analysis on the whole model, with which it could be possible to make the 
comparison with the ODS.  
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6.1 Load calibration 

The force calibration was performed through an iterative process, where at first a unitary force was 
placed in the PGU’s centre of mass and then thanks to the accelerometric acquisition it was possible 
to calibrate that force.  
After the forcing calibration it was possible to make a cross correlation between all the 
experimental and numerical acquisitions. Where necessary the following validation process was 
used to achieve a good correlation with the actual structure. 
Only some of the calibrated accelerometers are shown below, they show the experimental-
numerical accelerometric trend. 

(a) (b) 

Figure 1 Numerical and experimental frequency response correlation: (b): correlation in point 4. 

 
At the same time, the numerical frequency response analysis provided information about the SPL 
inside the shelter; to validate the acoustic cavity, the numerical analysis was compared with the 
microphones acquisition placed inside the operating area. 

 

(a) (b) 
Figure 2 Acoustic analysis - SPL: (a): acoustic noise on human ear level; (b): Numerical and 

experimental correlation of SPL 
 
7. CONCLUSION  
 
The present study concerned with the vibro-acoustic assessment of a shelter system based on 
numerical modelling and experimental data correlation. The result of this investigation showed that 
some discrepancies are unavoidable when constructing model for a complex structure such a shelter 
because of inaccuracies in parameters assumption and simplification in process of modelling; 
nevertheless these deviations can be fully accepted for the scope of the work. On these basis, 
optimization processes can be started in terms of acoustic comfort parameters inside the shelter. 
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ABSTRACT 

 
Mechanical systems based on structural components in relative motion represent a mature technology 
to efficiently enable wing-camber morphing for large civil airplanes. 
On the other hand, the use of multiple hinged connections imposes a careful analysis of the effects 
induced at aircraft level by any degradation of their mechanical performance, overall system 
malfunction or local failures. This is even more relevant in case the addressed mechanical system is 
conceived to enable load control and alleviation functionalities. In the framework of the CleanSky2, 
a research program in aeronautics among the largest ever founded by the European Union, a camber-
morphing flap specifically tailored for EASA CS-25 category aircraft has been investigated. The shape 
transition is obtained through a smart architecture based on segmented (finger-like) ribs with 
embedded electromechanical actuators. Three tabs were located at the flap trailing edge to actively 
control the shape of the wing in cruise and to enhance the aerodynamic efficiency by effectively 
redistributing the loads along the span. Aeroelastic phenomena related to these flap components were 
duly addressed since the very preliminary design stage to prevent the maturation of a potentially 
unstable architecture; rational approaches compliant with applicable airworthiness requirements 
were implemented  -and herein presented- to model and analyze  the influence of the flap tabs on the 
aeroelastic behavior of the aircraft both in nominal working conditions of the embedded tab 
mechanisms and in case of malfunction or failure.  
 
 
Keywords: morphing structures, morphing flap, finger-like ribs, mechanical systems, aeroelasticity, 
large aeroplanes, industrial standards, airworthiness requirements, free-plays, failures   
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1 INTRODUCTION 
In the framework of the CleanSky2, the largest funded project on aeronautics currently running in 
Europe, several researches are carried out to improve the efficiency of the next generation regional 
aircraft through a rational implementation of conventional and emerging technologies. Among the 
emerging technologies, an innovative morphing flap has been deeply investigated ([1]) and is expected 
to reach a maturity level (TRL) of 6 out of 9 thanks to experimental validation campaigns to be carried 
out on true scale ground demonstrators and large scale (1:3) wind tunnel models. 
The flap is characterized by three different morphing modes which are activated according to the 
specific flight condition of the aircraft ([2]): 
Morphing mode 1, flap deployed:  the camber of the entire flap airfoil is morphed to improve high 
lift aircraft performances during take-off and landing phases. 
Morphing mode 2, flap stowed: the last portion of the flap (nearly the 10% of its local chord) is 
exposed to the airflow when the flap is stowed in the wing. This portion can be moved upwards and 
downwards during high speed operations (max upwards/downwards deflection: 10°) to rationally 
distribute the aerodynamic loads along the wing thus increasing its aerodynamic efficiency. 
Morphing mode 3, flap stowed: to enable also load alleviation functionalities, the last portion of the 
flap, exposed to the airflow in stowed configuration, can be twisted to smartly affect the equivalent 
twist angle distribution along the wing. The twist is obtained through the differential deflection of 
three tabs located on the trailing edge of the flap while, during morphing mode 2, the three tabs are 
deflected synchronously.   
In force of the multi-zone and multi-modal morphing functionalities to be enabled, an adaptive 
architecture based on mechanical systems was considered as an effective solution to implement 
selective motion of subcomponents: the flap was conceived as a multi-box arrangement characterized 
by articulated finger-like ribs (Figure 1, [2]) properly connected to a smart system by means of 
actuation lines driving the ribs’ shape change according to the desired morphing modes. 

 
Figure 1. Finger like rib and inner mechanism, [2] 

The articulated rib is composed by four 
consecutive blocks (B0, B1, B2, B3) 
connected to each other by means of 
cylindrical hinges (A, B, C) located on the 
airfoil camber line. 
A linking beam element (L) – hinged on not 
Adjacent blocks B0 and B2 – forces the  

camber line segments to rotate according to specific gear ratios. The inner leverage (M1), hosted by 
rib block (B1), connects blocks B1 and B2 and amplifies the torque provided by an external rotary 
actuator the shaft (R1). A secondary leverage (M2), hosted by rib block (B2), links B3 (flap tab rib) 
to B2 and is driven by the rotation of the actuator acting around the shaft R2. Therefore, this inner 
mechanism (M2) makes rib block B3 to rotate around the hinge C thus enabling the tab-like motion 
required by morphing modes 2 and 3. Six actuators arranged along six separate transmission lines 
drive the motion of the entire flap according to the mechanics described for the single rib (Figure 3). 
All the actuators are activated to implement morphing mode 1; during morphing mode 2 and 3, just 
the rear line of actuators is activated and is responsible for the deflection of the three tabs. 

 
Figure 2. Flap top view, [2] 
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2 AEROELASTIC MODEL 
A suitable aeroelastic model of a reference regional aircraft equipped with the six unconventional tabs 
(three per each wing side) was realized and aeroelastic stability analyses by means of theoretical 
modes association were performed both in nominal conditions and in case of failures or malfunction 
(free-plays) of tabs‘ control lines. The dynamic model of the entire aircraft was generated by referring 
to an equivalent beam representation of the lifting surfaces, fuselage and control surfaces ([3]).  The 
elasticity of the joints between macro-structural elements (wing and fuselage, empennages and 
fuselage) was simulated by means of stiffness matrices reduced at significant grids of the interface 
regions. All control surfaces (elevator, rudder and aileron) were modelled as locked, or in other terms, 
constrained with respect to the rotation around their hinge axis.  
Flap tabs rotations around their hinge axis was instead allowed and considered counteracted by a 
torsion spring accounting for the stiffness provided by the tab control mechanism (Kcm, Figure 4). 

Figure 3. Aircraft dynamic model, [2] Figure 4. Flap tab dynamic model, [2] 

 
The stiffness of the tab control mechanism was evaluated by means of a FE-based static analysis. In 
order to effectively implement the double lattice method for the evaluation of the unsteady 
aerodynamic influence coefficients ([3]), a 3D flat panels model of the entire aircraft was generated. 
The model consisted of 20 macro-panels further meshed into elementary boxes; interference panels 
were added to account for the aerodynamic influence of the fuselage. The interpolation of modal 
displacements along the centers of the aerodynamic boxes, was obtained by means of surface spline 
functions attached to structural (or auxiliary) grids of the dynamic model. 
The in-house developed code, SANDY3.0 by M. and R. Pecora ([2]), was used to estimate the critical 
flutter speed of the reference aircraft. Dynamic instabilities were evaluated by referring to PK-English 
method [3] under the following general assumptions: 
 Association of the theoretical elastic modes up to 50 Hz; natural frequencies and shapes evaluated 

by means of Lanczos method ([3]) applied to the dynamic model described in the previous 
paragraph; modal damping conservatively set to 1% for all the elastic modes; 

 all control surfaces locked; sea-level flight altitude,  
 flight speed range: [0:1.15VD] ([0:280m/s], certification envelope according to [4]). 

 

3 FLUTTER ANALYSIS AND CONCLUDING REMARKS 
In correspondence of the nominal value of the stiffness, Kcm, provided by the control mechanisms 
against the rotation of the tabs around their hinge axes (965.8 Nm/rad, [2]), and considering all tabs 
unbalanced, no flutter was detected in the flight speed investigation range (Figure 5).  On the other 
hand, a bell-shaped damping trend of curve 33 (mode 27) was evident, with a very small residual 
damping (< 0.5%) at nearly 200 m/s.  
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Figure 5. VG plot, nominal stiffness of tabs control lines 

The bell-shaped damping trend was found to be  
essentially due to the unbalanced motion of the 
tabs that induces a weak coalescence of tabs 
harmonics and wing bending modes at high 
frequencies (>20 Hz). Although no flutter was 
found in the flight certification envelope, it was 
considered anyway necessary to add enough 
mass-balance to the tabs so to increase the 
damping of mode 27 at VD and in nominal 
conditions, as well as to avoid critical instabilities 
in case of control mechanism failure. 

Being the failures of movables control mechanisms the most critical events from  the flutter standpoint, 
the minimum safe mass-balancing of the tabs was determined in correspondence of Kcm = 0 Nm/rad  
for all tabs. If Kcm=0 then all the tabs are free to rigidly rotate and, as shown in Figure 6, the 
coalescences of tabs harmonics with wing bending mode is anticipated with respect to the nominal 
case, thus leading to several flutters at low speeds (flutter of curves 21 and 27). 

 
Figure 6. VG plot, zero stiffness of tabs control lines 

Starting from the unbalanced configuration, 
flutter analyses were repeated at increasing 
levels of tabs’ mass balancing in order to find the 
minimum value of massbalancing assuring the 
clearance from flutter in case of control 
mechanisms failures. In correspondence of a 
degree of massbalancing equal to 50%, no flutter 
occurred up to 1.5 VD. The nominal mass-
balancing of each tab was then set to this value 
and a new analysis proving the persistence of the 
flutter clearance was carried out in correspond-
dence of the nominal stiffness of tabs’ control 

line; a wider damping margin with respect to those of Figure 5 was obtained.  The efficacy of the 
massbalancing was finally proved also in case of free-plays due to malfunctioning of the control 
mechanisms. Free-plays were treated as a degradation of the nominal stiffness (Kcm) provided by the 
control mechanisms against the rotation of the tabs around their hinge axis. Four different values of 
free-plays amplitude () were considered; in correspondence of each free-play, the maximum 
amplitude for the tab oscillation (A) was set equal to +e, being e the elastic rotation of the tab under 
the maximum operative loads and in correspondence of the nominal value of control mechanisms 
stiffness (evaluated by FEM). For each , and A, an equivalent (reduced) stiffness was evaluated by 
means of the harmonic balance method and used in place of Kcm to run flutter analyses.  For each case 

Free‐play (±°)  Residual modal damping at VD (mode 27) of Table 1, no flutter was detected; the 
bell-shape trend of mode 27 is 
characterized by a residual damping at VD 
that decreases (in module) while the f.play

± 1° -2.26E-02 
± 3° -2.14E-02 
± 5° -2.06E-02 
± 7°              -2.01E-02 (worst case) 

Table 1.  Free-plays and residual damping of the flutter mode

increases; the obtained residual damping is anyway adequate to assure adequate margins of safety with 
respect to the onset of flutter at VD, thus proving the robustness of the tabs’ massbalancing. 

4 REFERENCES 
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ABSTRACT 
 

The present work deals with a vibro-acoustic system presenting several resonant modes and a 

multimodal control of the interior random sound is achieved, in the low frequency range, using 

Tuned Mass Dampers (TMDs). The system is composed by a randomly driven vibrating plate 

weakly coupled to a rectangular cavity filled with air. By making use of a stochastic acoustic 

optimization strategy, a multi-objective optimization of the TMDs parameters is performed and a set 

of optimal solutions are obtained. To help the designer decision-making, the self organizing maps 

(SOM) have been used and “the best” solution showed good performance of the multimodal control.     

 

1 INTRODUCTION 

The control of the interior sound, achieved in the low frequency range, has been for long considered 

by several research works. Indeed, reducing the interior sound is of major importance for several 

industrial sectors like the automotive one, where the comfort of passengers is primordial, and the 

aerospace where the safety of the payload bays of launchers should be improved [1]. 
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Depending on the specificities of the considered problem several techniques can be used to 

achieve the interior sound control [2]. In the present work, a randomly driven vibrating plate weakly 

coupled to a rectangular cavity filled with air is considered and the passive control, using optimized 

TMDs, is adopted. Assuming linear behavior, a stochastic acoustic multi-objective optimization is 

performed and a set of optimal solutions is obtained. To help the designer making-decision, the 

SOM are used and the “best” solution showed good global performance.   

2 GOVERNING EQUATIONS AND MULTIMODAL CONTROL 

Consider the vibro-acoustic system equipped with TMDs as shown in Figure 1. Let Na and Ns be 

the number of modes considered for the plate and the acoustic cavity, respectively. In addition, let N 

be the number of the deployed TMDs, the modal coupling approach can be applied and the 

governing equations of the system are 

   
T

zFMq + Dq + Kq Φ&& &  (1) 

where q&& and q& are the time derivatives of T T T( , , )
T

q w p z ; w  is the )1( Ns  vector of the plate 

modal participation factor, p  is the )1( Na  vector of the acoustic modal participation factor and T
z  

is the (1 )N  displacement vector of the TMD devices;  00ψφΦ F  where Fφ  is the )1( Ns  

vector of the plate mode shapes computed at force location  T, FFF yxr  and 0ψ  is a )1( Na vector 

of zeros; z
F  is a stationary zero mean Gaussian white noise point force. Furthermore, let m

  and 

m
  be the modal mass and the corresponding in-vacuo natural frequency of the plate, respectively, 

and let 
n

 , n
  be those of the cavity (rigid-walled), respectively; 

jT
m , 

jT
c  and 

jT
k   (j=1,..,N) are 

the mass, the damping coefficient and the stiffness of a TMD, respectively. The matrices defined in 

Equation (1) are 
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K , where yx llS  , nmC  is the coupling 

matrix [3] and 
jcφ  is the )1( Ns  vector of the plate mode shapes calculated at a TMD location

( , )
j j jc c c

x yr ; m
  and n

  are the damping ratios of the plate and the cavity, respectively. It should 

be noted that a proportional damping is assumed (in both plate and cavity) so that

2/2/ iii   ;   and   are two coefficients to be calculated by imposing a targeted damping 

value 0  for the two frequencies bounds of the range of interest. 
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For the plate, the targeted damping ratio is set to 2% whereas it’s set to 0.5% for the cavity. 

 

 
Figure 1. The vibro-acoustic system equipped with TMDs. 

Once the governing equations are obtained, a spectral analysis can be made and the root 

mean square acoustic pressure, measured at a given microphone location T),,( zyxa r  into the 

cavity, can be obtained 
u

l
dS FappFap




 ),,(),( ~~ rrrr  ; 

l  and 
u  are the lower and upper 

bounds of a certain bandwidth of interest [ , ]l uf     centred at a given resonant frequency  .  

The power spectral density (PSD) of the acoustic pressure is FFFaFapp SHS
2

~~ ),,(),,( rrrr   ; 

( , , )
a F

H  r r  represents the acoustic pressure frequency response function and FF
S  is the PSD of the 

excitation force.  

The multimodal control of the vibro-acoustic system can be then performed by carrying out 

a multi-objective optimization defined as finding T),,,(
jjj cjTTj rd   to minimize the vector 

T
1 2

( , , ) ( , ,..., )
p a F p p pN

  σ r r d     subject to    adm

N

i i   1
 (2) 

where T

1
( ,..., )

N
d d d ; 

jT
 , 

jT
 and platemm

jTj   are the natural frequency, the damping ratio and 

the mass ratio of a given TMD, whereas adm
  is an admissible mass ratio defined in a pre-design 

phase. It should be noted that the length of the vector 
p

σ  depends on the number the resonant 

modes, to be controlled, and consequently on the number of TMDs (one TMD for each one of the 

resonant modes).   

3 NUMERICAL EXAMPLE 

In the present work 
T(0.35,  0.1,  -0.875)

a
r , 

T(0.05,  0.05)
F
r and 7%

adm
  .The parameter values 

of the vibro-acoustic system shown in Figure 1 are lx=0.5m, ly=0.5m, lz=1.1m, h=3mm, E=7.1010Pa, 

s=2700kg.m
-3,0 =1.21kg.m

-3
, =0.3and c0 = 344 m.s

-1
. The number of modes are set Na=100, 

Ns=21 and 
2 -10.1 N .Hz

FF
S  . The frequency range of interest was [0- 400] Hz.  

The modal analysis of the uncontrolled plate-cavity system arises five resonant modes 

therefore five TMDs should be used and one had to find 25 TMD parameters that should 

simultaneously minimize the five objective functions corresponding to the resonant modes. The 

multi-objective optimization has been performed using the genetic algorithm routine available in 

Matlab and 38 optimal solutions. To help the designer making-decision, the SOMs have been used 

(Figure 2 (a)) and four optimal solutions have been of particular interest (S26, S19, S16 and S14). 

Indeed, in view of the PSD responses, shown in Figure 2 (b), one can see that significant 

attenuations are achieved especially when the solution S26 is considered.  
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The optimal TMDs parameters corresponding to the solution S26 are 
1T

 =98.25 Hz, 
1T

 =0.088; 
1



=1.34%, 
1c

r = (0.2; 0.15); 
2T

 =128.51Hz, 
2T

 =0.11; 
2

 =1.32%, 
2c

r = (0.19; 0.15); 
3T

 =282.97Hz, 

3T
 =0. 22; 

3
 =2.92%, 

3c
r = (0.31; 0.13); 

4T
 =311.47Hz, 

4T
 =0.22; 

4
 =0.45%, 

4c
r = (0.38; 0.11); 

5T
 =342.64Hz, 

5T
 =0.005; 

5
 =0.87%, 

5c
r = (0.05; 0.09). For the solution S26, a minimum 

reduction of 26.47 dB has been observed in the vicinity of the fourth resonant mode and it can be 

considered as the “best” one among the set of the optimal solutions.        

(a) 

(b) 

Figure 2. (a) The SOM; (b) The PSD responses 

4 CONCLUDING REMARKS 

In the present work a multimodal control of a vibro-acoustic system is achieved using optimized 

TMDs. By making use of a stochastic acoustic strategy, a multi-objective optimization of the TMDs 

parameters is performed and the control has been achieved using only five TMDs, corresponding to 

the five resonant modes of the uncontrolled system. The obtained solutions showed good 

performances of the TMDs and significant attenuations in PSD responses have been recorded.  
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ABSTRACT 
Control of interior noise levels in turboprop aircraft has been a significant research area over the last 
two decades. The reason is that, the turboprops, are more fuel efficient than jets on shorter, slower 
routes but present a strong potential for unacceptably high structure-borne noise levels in the aircraft 
fuselage. These high noise levels would require very efficient fuselage sidewall transmission loss at a 
propeller blade passage frequency in the range of 150 to 300 Hz. To meet these technical requirements 
in terms of internal noise reduction, the use of insulating materials between interior trim panels and 
the fuselage is required. The methodological process is based on a vibro-acoustical numerical Finite 
Element approach, to evaluate the Sound Pressure Level (SPL) at passenger ear level.   
Based on the target of the study, different materials and possible stratifications have been 
experimentally studied in terms of acoustic properties and performances. 
 

INTRODUCTION 

hese work was part of the European project CLEAN SKY2 S.P.A.I.N. (Smart Panel for SAT 
Aircraft Cabin Insulation). Project had the purpose to improve the acoustic for General 

Aviation Aircrafts by providing a performant, cost effective and lightweight cabin insulation 
system. The Topic manager of the project was the Czech aircraft manufacturer Evektor, while the 
companies involved in the project where Protom, with rules of project Coordinator and system 
design and TI&A, partner for the construction and installation of the insulation system on a 
demonstrator (EV-55 aircraft). Unina has supervised the numerical modelling and the 
experimental test on laboratory coupon and samples. 

T
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The main project innovation was a new mounting configuration which provide the insulation 
blanket linked to the Cabin lining panels instead of the primary fuselage structure (skin) and  
allows faster access to wiring and an easier replacement of the blankets.  
 
 

 
(a) 

 
(b) 

Figure 1: (a) New Mounting Configuration; (b) Analysed Panel and Available Acoustic Cavity 

Different blanket's configuration have been considered in terms of different insulation materials 
stratification in relation to critical frequencies, external pressure and maximum acoustic cavity 
located in different aircraft areas and define the insulation system optimization without losing 
sight, the acoustic and total weight requirements. 
To achieve this aim, a methodological process has been used, based on a numerical Vibro-acoustic 
Finite Element approach, to evaluate the Sound Pressure Level (SPL) at passenger ear level.   

TURBOPROP INTERIOR NOISE INVESTIGATION 

Generally speaking, an aircraft is affected by several noise sources; the noise level and spectrum 
depending on the aircraft configuration, the engine power unit, the broadband excitations related 
to the turbulent boundary layer, propulsion system and flight phase.  
Results of preliminary noise and vibration measurements are presented here. These measurements 
were realized by EVEKTOR on the EV-55 airplane without interior panel during flight test FL100 
RPM 2200 (Cruise condition); microphones were step by step located in 3 points (mark of points 
= UZL). A B&K 2238 analyser was used for the measurement. 

Figure 2 (a) In flight SPL at UZL2 ;(b) In flight SPL at UZL3 

 
FUSELAGE FEM ANALYSIS AND EXPERIMENTAL COMPARISON 

Modeling approach   

FEM based structural and acoustical analyses have been assessed and the SPL response has been 
compared with the in-flight measurement to validate the model.  
Once verified under the initial conditions, a subsequent forecast of the internal fuselage noise with 
different deck configurations has been performed. 
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Mesh has been realized on the basis of  the fuselage CAD supplied by Evektor. The model, has 
been initially simplified ; all stringers have been made with 1D elements (BEAM), whit same 
section of the CAD model and the spars modelled with 2D element (spar web) and 1D element 
(spar caps).  

Modal analysis 

To identify the structural and acoustical resonant frequencies a modal analysis has been made to 
evaluate contribution at the interior noise of both. 
In the acoustic characterization, the acoustic cavity has been modelling with PFluid hexa-element 
and the air property in FL100 condition, has been considered. 
Particular attention has been given to the identification of the “coincident”  resonance frequencies 
whose excitation would cause intensive energy exchanges between fluid and structure. An 
example of structural and acoustic modes have been reported: 
 

  
Figure 4 (a)Structural Modal Shapes at 36.85Hz and (b) Acoustic Modal Shapes at 36.41Hz 

Pressure fields modeling 

To estimate the aerodynamic load caused by the passage of the blade, the sound pressure level in 
operational flight has been analysed in a reverse engineering approach; consequently, the 
equivalent pressure distribution on the outside of the fuselage was calculated. 
This was achieved by setting the SPL on the UZL2 microphone and verifying the numerical 
correspondence with the reading of the UZL3 microphone. 
 

 
Figure 5 (a) Evektor Co-rotating Propeller; (b) Generic Pressure Distribution Acting on Fuselage 

 
 

Figure 3 (a) Fuselage CAD model; (b) Fuselage FEM model  
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PRELIMINARY INSULATION SYSTEM EXPERIMENTAL ANALYSIS 
 
Different insulation materials have been analysed and compared to define the best blanket 
stratification opting  for materials already certified in the aeronautical field (CS23 / FAR23) and 
using as a benchmark, the weight to cost and performance ratio. 
Blankets have been designed in relation to the available acoustic cavity (considering structural 
frames and cabin wiring) and external pressure acting on the fuselage. 
The parameters of absorption, transmission loss and impedance has been measured, for all the 
package, with a kundt tube. 
The preliminary insulation blankets configuration has then been realized, setting on the interior 
panel and the full system has been analysed in the operative mounting. 

          
Figure 6 (a)  Preliminary configuration (b) Experimental Noise Reduction 

PREDICTED FUSELAGE NOISE REDUCTION  

After the preliminary insulation package experimental measurements, the value of the impedance 
for the interior system (whit all designed stratification and considering the interior trim panel) has 
been determined with the Kundt tube. 
This value has been employed in FEM model whit the use of Frequency-Dependent Acoustic 
Absorber Element (CAABSF) and the SPL on the passenger ear level in the worst frequencies of 
interest has been determined: 

CONCLUSION 

In the contest of the SPAIN project, an innovative thermo-acoustic blanket configuration has been 
studied and assessed. The availability of a FE  predictive model made possible to study different 
blanket configurations, forecasting the overall performance at aircraft level,  also based on the 
knowledge of experimental acoustic impedance of the multi-layered configurations at coupon 
level. The designed configuration seemed to fulfil the design technical requirements; in flight test 
have been planned as a further step.    
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ABSTRACT 
 

This paper investigates the influences of resonator connection methods on the dynamic properties of 
the elastic metamaterials. A large number of metamaterials with multiple resonators were developed 
for the purpose of generating multiple bandgaps or broadening the bandwidth. The multiple 
resonators in a unit cell could be connected end to end in a line, i.e. in series connection, or connected 
individually to the substrate, i.e. in parallel connection. Resonators connection methods caused 
considerable differences to the dynamic properties of the metamaterials, it would hence be meaningful 
to investigate in depth the influences of connection methods, which could offer theoretical basis and 
foundation for the design of metamaterials with multiple resonators. An analytical model is first built 
to calculate the dynamic properties of metamaterial beams with periodical single/in-series/in-parallel 
resonators respectively. After that, comparisons are made among the calculated frequency response 
functions of metamaterial beams with resonators of the same mass but different connections methods. 
It is found that in-series resonators could lead to lower frequency bandgaps, nonetheless, their 
bandwidth cannot exceed that by single resonators. On the contrary, in-parallel resonators can results 
in bandgaps at higher frequencies with enlarged bandwidth compared with single resonators. 
Moreover, the beam with single resonators has the deepest bandgaps than those with multiple 
resonators. 
 

1 ANALYTICAL MODEL OF METAMATERIAL BEAMS 

As shown in the Figs. 1(a)-(c), the metamaterial beams are composed of beams with periodically 
attached single, in-series and in-parallel resonators.  
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(a) 

       
(b) 

        
(c) 

Figure 1. Illustration of metamaterial beams with different resonator connection methods, (a) single 
resonator, (b) resonators connected in series, (c) resonators connected in parallel 

 

 
 

(a) (b) (c) 
Figure 2. Unit cell of metamaterial beams with (a) single resonator, (b) resonators connected in 

series, (c) resonators connected in parallel 
 

Unit cells of the three beams are shown in Fig. 2(a)-(c). The displacements of the beam before 
and after the attached resonator are related by, 
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where E  and zI  are the Young’s modulus and the second moment of area of the beam. rx  is the 

location of the resonator on the beam, ,n lw  and ,n rw  are the displacements of beam before and after 

the attached resonators. rF  is the interaction force between the resonator and the beam. For beam with 

single resonators, in-series and in parallel resonators, the interaction force should be 
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where is k c= + , 1 1 1is k c= +  and 2 2 2is k c= + . m , k , c  are the mass, stiffness and 

damping ratio of the single resonator. 1m  and 2m , 1k  and 2k , 1c  and 2c  are the masses, stiffnesses 

and damping ratios of the dual resonators.   denotes the angular frequency. nw  is the displacement 

of the beam at the connecting point.  
The receptance functions of the beam is given as, 

 1020 log L
ec

w
R

F
=  , (3) 

where is the F  is the excitation force on the beam, and Lw  is displacement at one end of the beam.   

2 NUMERICAL STUDY 

Receptance functions of beams with different resonator connection methods are compared in Fig. 3. 
The three beams are of the same mass and length. The total masses of resonators are 30% of that of 
the three substrate beams. It can be seen from Fig. 3 that the beams with various resonator connection 
methods could result in different resonance frequencies, bandwidths and receptance reductions within 
the bandgap regions.  

The beams with dual resonators have two bandgaps in the considered frequency range. The 
two bandgaps of the metamaterial beam with in-series resonators are separated, and the second 
bandgap is less obvious regarding the bandwidth and receptance reduction than that of the first 
bandgap. As a contrary, the beam with in parallel resonators has two bandgaps generated by each 
oscillator. The two bandgaps could be integrated to a single wide bandgap with close resonance 
frequencies [1-3]. 

In addition, the first bandgap of the beam with in series resonators occurs at lowest frequencies, 
but its bandwidth and receptance reduction in the bandgap region are smaller than that of the beam 
with single resonators. On the contrary, the beam with resonators connected in parallel has bigger 
resonance frequencies, which leads to enlarged bandwidth and less receptance reduction as a result.  
 

 
Figure 3. Unit cell of metamaterial beams with (a) single resonator, (b) resonators connected 

in series, (c) resonators connected in parallel 
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ABSTRACT 

 
Acoustic loads are one of the major concern in the structural design of SpaceCrafts (SCs); they are 
mostly caused by the launcher fairing sound pressure level during lift-off and ascending phase. 
In this work a number of acoustic assessments have been performed by using MSC Actran SW and by 
referring to a real S/C structure and a real launch acoustic environment. 
Three types of acoustic analysis are available in MSC Actran for the purpose: Modal and Direct 
frequency analysis and Virtual SEA, each one implies different assumptions and different 
computational effort, which may be noteworthy. 
The aim of this work is to make a well though engineering evaluation about which is the type of 
acoustic analysis most suitable for the analysis, as a good compromise between accuracy and 
computational costs. 
The second part of this work is devoted to the simulation of the Direct Acoustic Field Noise testing, 
which is a new promising and convenient trend for acoustic testing. More specifically the uniformity 
of the field generated by loudspeakers is evaluated. 

1 INTRODUCTION 

Concerning the spacecrafts, design the launch phase is particularly critical due to gross noise 
levels that impacts on the structure within the launcher shroud, for this reason is important to study 
the noise effect on the payload. When we have to analyse heavy and complex models like spacecraft, 
there are many problems connected to computational time and RAM consumption, furthermore, the 
designer could need an initial estimate of displacements, forces and accelerations; the main goal of 
this work is to set correctly in Actran the acoustic analysis of the S/C subject to acoustic loads of a 
real launcher and find a good compromise between fast computation and reliable results. 
In this work will be considered a specific node of the structure to compare all the analysis. 
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2 MODAL VS DIRECT FREQUENCY ANALYSIS 

2.1 Different Step Modal Comparison 

The following analysis have been compared: 
- Two logarithmic with 150 frequencies analysed, with different number of parallels and 

samples; 
- Two logarithmic with 200 frequencies analysed, with different number of parallels and 

samples. 
In the following table are listed the analysis with their respective parameters, computational 

times and peak memory consumption. 
 

 
 
Focusing on the g-acceleration along z-axis of a specific node, as can be seen from Figure 1, 

the trend for logarithmic coarser analysis is quite the same of the detailed one with linear step; this can 
also be verified by means of RMS value of the PSD (Power Spectral Density), the percentage 
differences from the detailed one is almost never beyond 10% and in the most of cases around 5%. 
For the specific node of this case study we have the following percentage differences: 
 
 
 

 

 
Figure 1 

 

 STEP # samples # parallels Computational 
time 

Peak memory 
consumption [Mb] 

1 Linear 0.5 20 8 7d, 7h, 16min 64384 
2 LOG 150 20 8 10h, 15min 34098 
3 LOG 150 25 10 20h, 40min 34404 
4 LOG 200 20 8 13h, 3min 34458 
5 LOG 200 25 10 1d, 3h, 36min 34850 

Table 1 

 LINEAR LOG150 LOG150 LOG200 LOG200+ 
Z 5.9343 +10.66% -11.79% +2.59% -4.17% 

Table 2 
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According to Figure 2 we can see that, for all the analysis, the problem is the loss of peak 
values, this is important, in particular for mid-lower frequencies up to 400Hz; this phenomenon is 
more evident for analysis 4 and 5 (LOG200), but depends on frequencies analysed – if are 
immediately after or before of a spike – and in particular to this node: increasing the number of 
frequencies the result will be more accurate. 

 
Figure 2 

 
In view of the results a good compromise between all analysis shown is the one with a 

logarithmic step for 150 frequencies, this allows to save 7 days compared to the most precise with step 
0.5Hz, where frequencies analysed are 3981, but adding just 3.5 hours compared to a coarser one 
(LOG100); this allows the designer to have, since the beginning of the analysis, an idea of loads that 
the structure will be subjected of. 

For this reason, taking into account of computational times and results accuracy, if the analyst 
wants to have an initial estimate of values that will occur in the structure, the suggestion is to use a 
lower value of samples and parallels with a sufficient number of frequencies analysed. 

2.2 Modal and Direct Comparison 

Since the beginning of this section emphasis must be placed on the high complexity of the 
direct analysis, this is due to the fact that the creation of the exterior acoustic mesh comes with an high 
RAM consumption and very long computational times; for this reason this kind of analysis cannot be 
done on a normal pc if we want to evaluate a wide band of frequencies (10 ÷ 2000Hz), even with 
128Gb the analysis can stop if parameters are not set up well. 

These problems are connect mainly to the creation of the finite and infinite fluid at lower 
frequencies: starting the analysis at 10Hz – according to the standard mesh criterion – means that the 
software has to create a bubble of 34m radius to be fitted with elements dependent on the upper 
frequency of its sub-band domain. 

In Figure 3 are plotted results obtained for both the modal analysis of paragraph 2.1 with linear 
step of 0.5Hz and logarithmic for 150 frequencies and the direct analysis with logarithmic step for 80 
frequencies. 

It is noted that values are lower for the direct analysis, this may be due to the masking effect 
of the air surrounding the structure; the value of RMS of PSD in this case is less different from the 
modal detailed analysis then the coarser one is. 

This analysis, although with few frequencies analysed took 6 days, quite the same 
computational time needed for the high detailed modal, and a peak memory consumption of 117Gb. 
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Figure 3 

 
In conclusion my advice is to use the modal analysis in order to save time and memory consumption, 
at the very beginning of the study with a logarithmic step with 150 or more frequencies analysed in 
order to have really fast results and increasing this value for having more accurate results.  

3 DIRECT FIELD ACOUSTIC NOISE TESTING SIMULATION 

For the Acoustic Testing scenario, the excitation sources are noise generators like 
loudspeakers and horn-speaker, today’s standard practice is to use dedicated buildings like reverberant 
rooms, here the acoustic field is uniform and diffuse, the aim is to replicate the spectrum that the 
spacecraft will be subjected to during launch inside of the shroud. However there are many problems 
connected to this kind of test, in fact, the need to move the structure from various facilities, leads to 
increased costs and risks; for these reasons has been developed the DFAN 
(Direct Field Acoustic Noise), here the speakers and audio equipment can be trucked to different sites 
so it can be very portable, allowing convenience in spacecraft scheduling [3]. 

In order to achieve the acoustic levels and the diffuse field effects of a reverberation chamber, 
is important to have an acoustic field as uniform as possible, meaning the same SPL anywhere in the 
acoustic volume, the target of this simulation was to understand if the acoustic field around the 
structure was comparable to a properly diffuse field. 

 

Figure 4 
 
In exclusion of some areas that change with the frequency the field can be considered quite 

uniform and similar to a diffuse field. 
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ABSTRACT

The beam is among the most important structural elements, and it can fail by different causes.In
many cases it is important to access the loading acting on them. The determination of loading
on beams is important, to model calibration purposes and/or to estimate remaining fatigue life,
for example. In this work, we first prove that identification of the loading is theoretically possi-
ble from the observation of the displacement of small portion of the beam and for an arbitrary
small interval of time. Ande then, we propose a method to infer the spatial distribution of forces
acting upon a beam from the measurement of the displacement of one of its points.
The Bayesian method is used to combine measurements taken from different points at differ-
ent times. This method enables an effective way of reducing the practical amount of time for
obtaining meaningful loading estimates.
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1 INTRODUCTION

The load determination over beams is viewed as an inverse problem related to vibration. The
aim of this work is to idenfiy forces acting in a beam, using a new method based on almost
periodic distributions, see Kawano, Zine [1]. We first prove that the data at our disposal is
sufficient for the unique recovery of the loading, and then give a recovery method based on
Bayesian updating scheme. Let L > 0 and T0 > 0 given parameters. Let u be the displacement
of the beam, the main equation in this inverse problem is

ρ
∂2u

∂t2
+ ν

∂u

∂t
+ EI

∂4u

∂x4
− T

∂2u

∂x2
= F(t, x), in ]0, T0[×]0, L[,

u(0, x) = ∂u
∂t
(0, x) = 0, ∀x ∈]0, L[,

u(t, x) = ∂2u
∂x2

(t, x) = 0, ∀t ∈]0, T0[, ∀x ∈ {0, L}.

(1)

Here we assume a source term of the form F(t, x) = g(t)f(x), (t, x) ∈ [0, T0] ×Ω, where,
g ∈ C1([0, T0]), g(0) 6= 0, assumed to be known, is a time–dependent attenuation factor and f ∈
H1(]0, L[), an unknown distribution to be identified, is a space–dependent source magnitude.
Let ]0, T0[ be an arbitrary open set and x0 ∈

{
x ∈]0, L[; sin(nπx

L
) 6= 0, ∀n ∈ N

}
. The available

data in this inverse problem is the set

ΓT0,x0 = {u(t, x0); t ∈ ]0, T0[} , (2)

2 THE DIRECT PROBLEM

A formal solution to Problem (1) may be obtained using Galerkin method. More precisely,
consider the eigenproblem, S ∈ H10(]0, L[);

EI

ρ

∂4S

∂x4
−
T

ρ

∂2S

∂x2
= βS, in ]0, L[,

S(0) = S(L) = 0, S′′(0) = S′′(L) = 0.
(3)

The eigenvectors Sn and corresponding eigenvalues βn are given by :

Sn(x) = Cn sin(
nπx

L
), βn =

EI

ρ

(nπ
L

)4
+
T

ρ

(nπ
L

)2
. (4)

The constant Cn =
√
2/L is chosen so that ‖Sn‖L2(]0,L[) = 1. The set {Sn; n ∈ N} is orthogonal

and dense in H10(]0, L[), as well as orthonormal in L2(]0, L[). Moreover, the set
(
Sn
n

)
n∈N forms

an orthonormal Hilbert basis of H10]0, L[. Then, any function in H10]0, L[ can be expressed as∑+∞
n=1An

Sn

n
, with (An)n∈N ∈ `2. Similarly, any distribution h ∈ H−1(]0, L[) can be uniquely

expressed as h =
∑+∞

n=1 ÃnnSn, (Ãn)n∈N ∈ `2. Finally, as f ∈ H−1(]0, L[), we get

f =

∞∑
n=1

AnSn, (An/n)n∈N ∈ `2. (5)

Assuming separation of variables, the dynamic response of u(t, x) can be represented by:

u(t, x) =

∞∑
n=1

Gn(t)Sn(x). (6)

Using (5), (6) and the fact that u is a solution to (1), we get, for t ∈ [0, T0] and x ∈ [0, L] :

u(t, x) =

∫ t
0

g(t− τ)

[
e−

ν
2ρ
τ

∞∑
n=1

An

ωn

sin(ωnτ)Sn(x)

]
dτ, ωn =

√
βn − (

ν

2ρ
τ)2. (7)

2
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3 THE INVERSE PROBLEM

From (7), one may define the operator K : L2(0, T0)→ L2(0, T0);

Kψ(t) =
∫ t
0

g(t−s)ψ(s) ds, ∀t ∈]0, T0[.Define the space G =
{
η ∈ L2(0, T0); (g, η)L2(0,T0)

}
and the projection operator P : L2(0, T0)→ G. On may show the following result :
∃ c1, c2 > 0; c1 ‖P K ψ‖L2(0,T0)

≤ ‖ψ‖H−1(0,T0)
≤ c2 ‖P Kψ‖L2(0,T0)

.

Applying this continuity result to (7), and the data ΓT0,x0 = {0}, to conclude that

∞∑
n=1

An

ωn

sin(ωnτ)Sn(x0) = 0, ∀τ ∈ [0, T0[. (8)

From [1], we get An = 0. And then, we conclude that the data ΓT0,x0 = {0} is enough to
determine uniquely (An)n∈N, and consequently the distribution f ∈ H−1(]0, L[).

3.1 Recovery procedure

To recover the source term f ∈ H−1(]0, L[), we consider a truncation of the Fourier series of
g to the interval [−T0, T0] given by, gM(t) =

∑M
k=0 km cos(ω̃mt), ω̃m = πmt/T0, M ∈ N.

Solving (1) for g replaced by gM, and after some technical computations, we obtain :
uM(t, x) =

∑+∞
n=1 αneı λn t,

The idea is to approximate each αn which depends on t, to a constant mean value in time.
Following [1], we use a family of functions φ1,m,τ(ξ) =

[sin((ξ−λm)τ)]2

(ξ−λm)2τ2
, ∀m ∈ N, ∀τ > 0.

And, define

Vm = 〈w(·, x), φ̂1,m,τ〉, Pτ(m,n) = φ1,m,τ(λn), m, n ∈ N.

Consider the operator T : `2 → S ′, (αn)n∈N → (Vm)m∈N. Formally, applying T can be inter-
preted as performing a product with an infinite order matrix. Truncating of the previous infinite
system we obtain :

TN α = V; TN ∈ RN×N, Tm,n = Pτ(m,n), α,V ∈ RN. (9)

By solving the linear system (9), we get the first elements of the desired sequence (αn)n∈N.

3.2 Bayesian updating

The Bayesian updating method makes it possible to incorporate previous experimental results
and even subjective expert opinion into the analysis. We suppose in this section that vector V
in (9) is corrupted by noise. That is, V is replaced by

Ṽ = V +E, E is a random variable, normally distributed with zero mean.

Let σ2ε I be a covariance matrix of E . The likelihood function for α, given the observation Ṽ is

L(α | Ṽ) =
1

(σε
√
2π)N

exp
[
σ−2N
ε

(
Ṽ − TN α

)t (
Ṽ − TN α

)]
. (10)

If we attach to [α] a probability density functions in the Bayesian sense, we can assign to [α] a
prior and a posterior probability density functions, fprior and fpost respectively, [2].

3
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By the Bayes rule, we have fpost(α) =
L(α | Ṽ) fprior(α)

K(Ṽ)
, where K(Ṽ) is a normalizing con-

stant defined so that
∫
fpost(α) = 1.

After the posterior distribution is obtained, it can be reused as a new prior for a new application
of the Bayes rule, when new data is acquired. This is one of the advantages of the Bayesian
method. The first prior employed in the beginning of the process incorporates subjective opinion
regarding the parameters, about their joint distribution, mean and dispersion.

4 NUMERICAL EXPERIMENTS

To illustrate the theory above, we show some numerical experiments. Consider a beam that
models a span of L = 100m under traction with the following parameters :
EI = 2.7× 107, ρ = 1.3× 101, T = 5.0× 105, ν = 0.1.
The excitation force used to simulate the dynamics of the system is
F(t, x) = cos(ω̃1t)f(x), with ω̃1 = 6, g(x) =

∑15
j=1An

√
2/L sin(πjx/L).

Function g is an approximation for an unit uniformly distributed load spanning from x = 0.5L
and 0.8L. A random noise uniformly distributed over [−ε, ε], ε = 0.01 was added to w(t, x0),
the function generated with the above data. This disturbed data is used for the recovery of the
first five elements of (An).
Solving (9), we get α̃n, n = 1, . . . , 16. Then, from α̃n we obtain An.
The measurements are done in intervals of time of T0 = 20 and T0 = 40 seconds at point
x0 =

5
11
L. The Bayesian updating scheme can combine measurements taken at different points,

the quality of the result is far superior if just one measurement is taken with no regularization
besides truncation.

Recoverd without noise

Recovered with noise

meters

Target f

20 40 60 80 100

x
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Recovered with noise

Recovered without noise

meters

Target f

20 40 60 80 100

x

0.2

0.4

0.6

0.8

1.0

f

Figure 1. Recovered f, T0 = 4 seconds; one and and three observation points, with Bayesian updating

5 CONCLUSION

In this paper we proved that the spatial distribution of the loading acting on an elastic beam
can be uniquely determined by knowing the displacement of a point over an arbitrarily small
interval of time. The Bayesian updating scheme gives very accurate results.
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ABSTRACT 
 

The prediction capabilities of artificial neural networks in similitude field are investigated. They have 

been applied to plates in similitude with two objectives: prediction of natural frequencies and model 

identification. The results show that the method is able to give accurate predictions and that an 

experimental training set can be created if the models are well characterized. 

 

1 INTRODUCTION 

Similitude methods are valuable tools for experimental tests, allowing money and time saving, and 

simplifying the test setup by testing reduced scale models instead of full-scale prototypes. However, 

manufacturing limits or errors are the causes of distorted models production. For these models, there 

is no univocal law that allows the reconstruction of the prototype dynamic response [1]. ANNs 

(Artificial Neural Networks) [2] pattern recognition capabilities, already explored in [3], are thus 

investigated for two purposes: 1) prediction of the natural frequencies of clamped-free-clamped-free 

aluminium plates in similitude using a training set made, mainly, by distorted models; 2) model 

identification in terms of geometrical scale factors, using response parameters to characterize the 

models. For both the tasks, a sensitivity analysis has been executed in order to identify the best 

architecture and number of training examples returning an acceptable performance. 
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2 PREDICTION OF NATURAL FREQUENCIES 

In the first task, the models are characterized in terms of geometrical scale factors (length, width, and 

thickness); the output to predict are the first nine natural frequencies. Two training sets are used: both 

analytical, one of them polluted with numerical random normally distributed noise, in an attempt to 

reproduce the experimental uncertainties. 

 Fig. 1 shows the predictions of the natural frequencies. Five panels, on which experimental 

tests were performed, are used to test the generalization capabilities of the ANN: the prototype, two 

complete similitudes and two distorted similitudes. 

The blue dots are the predictions of the ANN trained on the analytical data, with architecture 

20 – 15 – 10 and 4000 training examples. The red dots are the predictions of the ANN trained on 

polluted data, with architecture 10 – 10 and 6000 training examples. The predictions of the ANN are 

very close to the reference, the blue line. This is a proof of the efficiency and robustness to noise of 

ANNs. The results are validated by the experimental (black) dots, close to the values returned by the 

ANN. However, the number of training examples is prohibitive, and an experimental training set 

cannot be generated, at least with the model characterization herein used. 

 

  

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 

Figure 1 - Comparison among the experimental natural frequencies and those predicted by the ANN 

in both the cases of polluted and not polluted training sets, for the prototype (a), replica (b), 

proportional sides (c), avatar 1 (d), avatar 2 (e). 

 

3 MODEL IDENTIFICATION 

In this task, model identification is performed. The aim is to distinguish replicas (all the geometrical 

dimensions scale in the same way), proportional sides (length and width scale in the same way) and 

avatars (all the geometrical dimensions scale differently). 

The network architecture is 5 – 7 and uses 200 training samples. The dynamic response is used 

as input, characterized in terms of first and second natural frequencies, modal density and the first 

eigenvalue extracted by applying PCA (Principal Component Analysis) to the frequency response 

function of each model. 

Table 1 lists the prediction of the scale factors of the five experimental panels. The prototype 

is perfectly identified. Length and width scale factors of the proportional sides are not quite the true 

ones, however the model can be still identified as proportional sides. Both the avatars are perfectly 

identified. The thickness scale factor of the replica, instead, deviates of 3% from the real scale factor. 

The error is not very high, but it prevents a complete model identification. 

 To have an idea of the error made on all the predictions, Fig. 2 shows the relative error map 

evaluated on 27,000 examples. In general, the errors are very low, around 1% – 2%. For each scale 

factor there is a region of higher error, in which peaks of 11% are reached. However, being maps of 

relative error, this is always in the range [-0.05, 0.05] for all the scale factors. Therefore, it is not very 

high, although it prevents an accurate model identification. 

 

 

Table 1 – Predictions of the scale factors of the experimental plates. 

 True (ra, rb, rh) Predicted (ra, rb, rh) 

Prototype 1.00, 1.00, 1.00 1.00, 1.00, 1.00 

Replica 0.67, 0.67, 0.67 0.67, 0.67, 0.65 

Proportional sides 0.67, 0.67, 1.00 0.66, 0.66, 1.00 

Avatar 1 0.67, 1.00, 1.00 0.67, 1.00, 1.00 

Avatar 2 0.99, 0.70, 0.67 0.99, 0.70, 0.67 
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(a) 

 

 
(b) 

 
(c) 

 
(d) 

Figure 2 - Maps of the relative errors made by the ANN when predicting the scale factors. Subplot 

(a) shows the training examples, the other subplots the errors when predicting ra (b), rb (c), and rh (d). 

 

4 CONCLUDING REMARKS 

The results demonstrated that ANNs have good potentialities in similitude fields, although too many 

samples are still required and the architecture cannot be defined a priori. However, the model 

identification task proved that, with a good characterization of input and output, it is possible to reduce 

significantly the number of training examples. ANNs proved to be also robust to noise. Using the 

method and analysing the results with critical thinking can make the application of ANNs an useful 

tool to support numerical simulations and experimental tests. 
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ABSTRACT 
 

This paper discusses an innovative tuning approach of shunted electro-magnetic absorbers for 

broadband vibration control of a single-degree-of-freedom system. The control performances of the 

shunted absorber are numerically assessed considering the minimization of the time-averaged kinetic 

energy of the system. Classical tuning approaches for mechanical absorbers are based on the 

minimization of a cost function related to the kinetic energy of the system. In this paper, besides the 

time-averaged kinetic energy of the hosting system, the time-averaged electrical power dissipated by 

the transducer is analysed. It is found that the shunt parameters that minimise the kinetic energy of 

the system correspond to the values that would maximise the electrical power dissipated by the 

transducer. Therefore, the electrical power dissipated by the transducer, which can be measured 

locally, can be used as the cost function to tune the shunted electro-magnetic absorber in place of the 

kinetic energy of the hosting system, which, considering for example distributed flexible structures 

such as plates or cylinders, is a global function that cannot be measured straightforwardly. 

 

1 INTRODUCTION 

This paper discusses the tuning of shunted electro-magnetic vibration absorbers [1] based on time-

averaged cost functions of the kinetic energy of the hosting system and of the dissipated electrical 

power by the absorber. In the work presented in Ref. [2], it was mathematically proved that, for a 

classical mechanical vibration absorber, the absorber parameters, i.e. natural frequency and damping 

ratio, which minimise the time-averaged kinetic energy of the primary structure, correspond to the 

values that maximise the mechanical power dissipation in the absorber. This concept has been recently 

extended also to electro-mechanical systems. In particular, in Ref [3] a simulation study regarding the 
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tuning of shunted piezoelectric absorber is presented and in Ref. [4] a similar numerical and 

experimental study concerning active electro-magnetic inertial actuators is discussed. 

A series resistive inductive shunt circuit connected to an electro-magnetic absorber is 

considered. The equivalent mechanical effects of the shunt parameters can be expressed in terms of 

an equivalent spring and equivalent damper [1]. Therefore, the shunt parameters affect the dynamic 

behaviour of the absorber, i.e. natural frequency and damping ratio. A simulation study based on the 

time-averaged kinetic energy of the hosting system and electrical power dissipated by the absorber is 

assessed. The control and electrical dissipation effects are evaluated in terms of the kinetic energy and 

dissipated electrical power Power Spectral Densities (PSDs) functions. The simulation study shows 

that the shunt parameters that minimise the kinetic energy cost function correspond to the values which 

would maximise the electrical dissipated power cost function. 

2 MODEL 

As shown in Figure 1, a single-degree-of-freedom (sdof) hosting system is considered, which is 

equipped with an electro-magnetic absorber connected to a shunt. The shunt is used to vary the 

stiffness and damping properties of the absorber so that it can be conveniently tuned to control the 

vibration of the hosting system. The mass, stiffness and damping elements of the hosting system are 

𝑚1, 𝑘1 and 𝑐1 respectively. The lumped parameter model of the absorber is composed of a mass 𝑚𝑎 

suspended on a base mass 𝑚𝑏. The suspension system is modelled with a spring 𝑘𝑎 and a damper 𝑐𝑎 

connected in parallel. The inherent electrical effects of the coil are modelled with a resistance 𝑅𝑒 and 

an inductance 𝐿𝑒. The shunt circuit is composed by a resistance 𝑅𝑠 and an inductance 𝐿𝑠 connected in 

series. The physical properties of the primary system and of the electro-magnetic transducer are 

reported in Table 1. The hosting system is excited by a stochastic white noise force 𝑓. The vibration 

control performances and the electrical power dissipation by the electromagnetic absorber are assessed 

in terms of the kinetic energy and dissipated power PSDs functions. Furthermore, to better contrast 

the results obtained with different combinations of the shunt parameters, the time-averaged kinetic 

energy and time-averaged dissipated power are evaluated. 

 

 
 
Figure 1. Scheme of the sdof system equipped with 

the shunted electro-magnetic absorber. 

 

 Parameter Value 

Primary structure 

𝑚1  

𝑘1 

𝑐1 

𝑓𝑛  

3.35 kg 

1688 kN/m 

2.14 Ns/m 

112 Hz 

Electro-magnetic 

transducer 

𝑚𝑏 

𝑚𝑎 

𝑘𝑎 

𝑐𝑎 

𝑅𝑒 

𝐿𝑒 

𝜓 

0.105 kg 

0.185 kg 

2314 N/m 

9.10 Ns/m 

22.5 Ω 

4.35 mH 

22.5 N/A 

 

Table 1. Parameters of the primary structure and 

electro-magnetic transducer. 

 

The constitutive equations of the transducer are: 
𝑓𝑒𝑚(𝑡) = 𝜓 𝑖(𝑡) (1) 

and  
𝑒𝑒𝑚(𝑡) = 𝜓 (�̇�𝑠 − �̇�𝑏) , (2) 

where 𝑓𝑒𝑚 is the reactive force between the magnet and the external cylinder produced by the current 

𝑖 flowing in the coil and 𝑒𝑒𝑚 is the back electro-motive force generated by the relative velocity 

210



MEDYNA 2020  17-19 February 2020, Napoli (Italy) 

 

 

3 

 

between the magnet �̇�𝑏 and ferromagnetic ring and coil components �̇�𝑠. Finally, 𝜓 is the transduction 

coefficient. Preliminary studies [1] have shown that the RL shunt considered in this study generates 

an equivalent mechanical effect which could be interpreted as an equivalent spring 

𝑘𝑒𝑠 = 𝜓2 (𝐿𝑒 + 𝐿𝑠)⁄  (3) 

and an equivalent dashpot  

𝑐𝑒𝑠 = 𝜓2 (𝑅𝑒 + 𝑅𝑠)⁄  . (4) 

Equations (3) and (4) clearly indicate that the considered shunt circuit can be used to change the tuning 

frequency and damping ratio of the shunted absorber. 

2.1 Mathematical model 

The coupled equation of motion for system are derived considering Newton’s law of motion for the 

primary system and for the suspended mass of the absorber and Kirchhoff’s voltage law applied to the 

electrical circuit. The resulting differential equations can be casted in matrix form as: 

[
𝑚1 + 𝑚𝑏 0 0

0 𝑚𝑎 0
0 0 0

] {
�̈�1

�̈�𝑠

𝑖̈

} + [

𝑐1 + 𝑐𝑎 𝑐𝑎 0
−𝑐𝑎 𝑐𝑎 0
−𝜓 𝜓 𝐿𝑒 + 𝐿𝑠

] {
�̇�1

�̇�𝑠

𝑖̇

} + [

𝑘1 + 𝑘𝑎 −𝑘𝑎  𝜓
−𝑘𝑎  𝑘𝑎 −𝜓

0 0 𝑅𝑒 + 𝑅𝑠

] {
𝑤1

𝑤𝑠

𝑖
} = [

1
0
0

] 𝑓 . (5) 

The kinetic energy PSD and the absorbed power PSD are defined as [3,5]: 

𝑆𝐾(𝜔) =
1

2
𝑚1 𝑙𝑖𝑚

𝑇→∞
𝐸 [

1

𝑇
 �̇�1

∗(𝜔)�̇�1(𝜔) ]  , (6) 

𝑆𝑃(𝜔) = 𝑙𝑖𝑚
𝑇→∞

𝐸 [
1

𝑇
 𝑖(𝜔)𝑖∗(𝜔) ] (𝑅𝑒 + 𝑅𝑠) . (7) 

where �̇�1(𝜔) and 𝑖(𝜔) are the complex amplitudes of the time-harmonic velocity of the primary 

system and of the electrical current in the coil. Also, the time-averaged kinetic energy �̅� and the time-

averaged electrical power dissipated �̅� functions result [3,5]: 

𝐾 = ∫ 𝑆𝐾(𝜔)
+∞

0
 d𝜔 , (8) 

�̅� = ∫ 𝑆𝑃(𝜔)
+∞

0
 𝑑𝜔  . (9) 

3 SIMULATIONS 

Figure 2 shows the maps of the time-averaged kinetic energy (a) and of the electrical dissipated power 

(b) for different combinations of the shunt resistance 𝑅𝑠 and shunt inductance 𝐿𝑠. Plots (a) and (b) 

present a second horizontal axis, which corresponds to the natural frequency 𝑓𝐴 of the shunted 

absorber. The kinetic energy in plot (a) presents a bell-like surface, with a minimum marked by the 

cyan dot. Similarly, the electrical dissipated power in plot (b) presents a mirror surface, characterised 

by a maximum marked with the purple dot. The combination of the shunt parameters which guarantee 

the minimum of the kinetic energy closely corresponds to the couple of parameters which maximise 

the electrical power dissipated. The kinetic energy PSDs of the primary system without (solid black 

line) and with the shunted absorber are contrasted in plot (c). Here, the results obtained with the shunt 

parameters that minimise the kinetic energy are shown with the solid cyan line while the dotted purple 

line represents the results obtained with the shunt parameters that maximise the electrical power 

dissipated. The two coloured curves overlap quite closely, confirming that the tuning approach based 

on the maximisation of the electrical power dissipated by the shunted absorber produces the same 

effect as the tuning based on the minimisation of the kinetic energy of the primary system. Finally, 

plot (d) shows the spectra of the dissipated power PSD when the shunt parameters that minimise the 

kinetic energy (solid cyan line) and maximise the power dissipation (dotted purple line) are adopted.  
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Figure 2. Time-averaged kinetic energy (a) and dissipated power (b), PSDs of the kinetic energy (c) and of the 

dissipated power (d). Minimum of the kinetic energy is depicted by the blue dot while maximum of the power 

dissipated by the purple dot. 

4 CONCLUDING REMARKS 

This paper has presented a simulation study concerning the tuning of shunted electromagnetic 

vibration absorber on a single-degree-of-freedom primary system to control broadband vibrations. 

The tuning criteria are related to the minimisation of the time-averaged kinetic energy of the primary 

system and the maximisation of the time-averaged electrical power dissipated by the transducer. 

The preliminary numerical results presented in this paper show that the shunt parameters that 

minimise the time-averaged kinetic energy closely corresponds to the values that would maximise the 

time-averaged electrical power dissipated. This result offers an interesting practical application, since 

the tuning of shunted electromagnetic absorbers could be achieved considering a local function, i.e. 

the dissipated electrical power, which can be measured locally using few electrical components, 

instead of a global function, i.e. the kinetic energy, which requires a more complex measurement 

setup, particularly when distributed hosting structures are considered. 
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ABSTRACT

Periodic elastic waveguides such as rods and beams exhibit frequency bands where wave reflec-
tions at impedance discontinuities cause strong wave attenuation by Bragg scattering, thus avoid-
ing the building up of standing waves, i.e., normal modes. Such frequency bands are known as
stop bands, or band gaps. This work proposes the shape optimization of periodic beams using, as
optimization parameters, the spatial Fourier coefficients that describe the periodic shape and/or
material properties along the beam length. The objective may be the widening of a given wave
band gap of the periodic beam caused by Bragg scattering, as done here, lowering the initial band
gap frequency, or opening a bang gap around a target frequency. Using the Fourier coefficients
is convenient, as they are the input of the Plane Wave Expansion (PWE) method commonly used
to obtain the dispersion relations that indicate the band gaps. In this work, the proposed tech-
nique is applied to a simple straight beam with circular cross section and the first band gap is
widened by optimizing the beam radius. In a second example case, both the internal and external
radii of a hollow beam are optimized. The optimization is performed using sequential a quadratic
programming in the MATLAB R© environment. We explain how to impose geometrical constraints
to the Fourier coefficient parameters to avoid non physical aberrant solutions in the optimization.
The proposed technique can be easily extended to two and three-dimensional structures and easily
adapted for different cost functions. The forced response of the arbitrarily shaped periodic beam
is computed using a spatial state-space formulation of the elastodynamic equations of the beam.
Euler-Bernoulli and Timoshenko theories are used.
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1 INTRODUCTION

Periodic structures exhibit frequency bands where elastic waves of certain types cannot propagate,
as they are canceled by multiple reflections caused by the periodic impedance variations (Bragg
scattering). This phenomenon has been known since the seminal works of Lon Brillouin in quantum
physics, Gaston Floquet in mathematics and Felix Bloch in nuclear physics in the early XXth
century. Concerning mechanical waves, Lord Rayleigh had already commented on the possibility
of Bragg canceling in periodic lattices in the XIXth century[1]. More recently, results and methods
developed in solid state physics (photonic crystals) have been translated for elastic wave phenomena
(phononic crystals).

Band gaps can be computed using the Plane Wave Expansion (PWE) method, which consists
in expanding the material and geometrical properties of the elastic structure in its elastodynamic
equations. Using the Floquet-Bloch theorem, the displacements and forces are written as a periodic
kernel multiplied by an exponential, of which the exponent is the wavenumber (Bloch wave vector)
multiplied by the period length. The expanded elastodynamic equation can be transformed into an
eigenvalue problem using the orthogonality of the Fourier series expansion. Given that the shape
of the periodic structure is described by the spatial Fourier series coefficients, we propose to use
these coefficients to optimize the shape of the structure with a band-gap-based objective, such as
widening the band gap or opening a bang gap in a target frequency range.

In this work we apply the proposed method to a simple straight beam with circular cross
section (solid and hollow). The first band gap is widened by optimizing the beam radius (external
and also internal in the hollow case). After optimizing the shape, the forced response of the arbitrar-
ily shaped periodic beam is computed using a spatial state-space formulation of the elastodynamic
equations of the beam[2] .

2 PLANE WAVE EXPANSION METHOD

The governing equation of a uniform one-dimensional mechanical waveguide can be written as [3]

∂q

∂xq

[
α(x)

∂qu(x, t)

∂xq

]
= β(x)

∂2u(x, t)

∂t2
, (1)

where x and t denote, respectively, spatial and time (independent) variables, q is the order of the
differential equation, α is related with elastic properties, β related with mass properties and u(x, t)
is the displacement at position x and time t. Applying the Fourier transform with respect to the
independent variable t, one obtains

∂q

∂xq

[
α(x)

∂q

∂xq
û(x, ω)

]
+ ω2β(x)û(x, ω) = 0. (2)

where ω is the angular frequency and û(x, ω) is the displacement in the frequency domain. Due
to the periodicity, the Floquet-Bloch condition can be applied, and û(x + a, ω) = û(x, ω)ejka.
Expanding α and β in Fourier series results in the following eigenvalue problem

+∞∑
m=−∞

α̂r−m(k + gm)
q(k + gr)

qcm = ω2

+∞∑
m=−∞

β̂r−mcm, r ∈ Z, (3)

with r = m+ n. More details on the PWE method can be found in [4].

Assis et al. [2] recently proposed a methodology which allows to obtain the forced response
of a phononic crystal with arbitrary shape writing the wave equation in a state-space first order sys-
tem of equations and transforming them in a Riccati-type matrix equation, which can be integrated
it in the spatial domain, as the boundary conditions give the impedance at the structure ends.

3 SHAPE OPTIMIZATION OF BAND GAPS IN BEAMS

The governing equation representing a beam is obtained using q = 2. In this case, the properties
are α(x) = E(x)I(x) and β(x) = ρ(x)S(x). Without loss of generality we use constant material

2
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properties E and ρ and the Fourier coefficients of interest in the optimization are the resultant from
the expansion of the cross-sectional area S(x) and area moment of inertia I(x). Imposing the cell
symmetry, S(x) and I(x) are even functions, and therefore can be expanded in cosine form

S(x) = S0 + 2

γ∑
`=1

S` cos(2π`x/a), I(x) = I0 + 2

γ∑
`=1

I` cos(2π`x/a), (4)

and the optimized parameters (decision variables) are

p = [S0 · · · Sγ−1 Sγ I0 · · · Iγ−1 Iγ]
T . (5)

Imposing the cross section area limits Smin and Smax and the moment of inertia limits Imin and
Imax, the maximization of the first band gap by the shape optimization of a straight beam is de-
scribed by the minimization problem

min
p
f(p) =

1

ω2 − ω1

subject to

Ap− b ≤ 0,

with matrices A and b

A =

−ΘS 0
ΘS 0
0 −ΘI

0 ΘI

 , b =

−Smin

Smax

−Imin

Imax

 . (6)

The cross section area and moment of inertia can be independently optimized. However, if
the geometric shape of the cross section is imposed, those geometric characteristics become linked
and the number of decision variables decreases.

4 NUMERICAL SIMULATION RESULTS

The proposed method was applied for two numerical examples. In the first example, the beam is
assumed as solid with circular cross-section, made of aluminum with E = 77.6 GPa and ρ =
2730 kg/m3. The unit cell length is 0.2 m and the maximum and minimum radii imposed are
0.1 m and 0.05 m, respectively. The optimization problem was solved with a sequential quadratic
programming algorithm available in the fmincon package of MATLAB R©.

The initial and optimized geometries are shown in Figure 1a. The first band gap has a
significant widening, from 7.6 − 8.9 kHz to 5.5 − 10.1 kHz, i.e. 3.5 times wider than the initial
band gap. Moreover, it is still covering the bandwidth of the initial band gap. Figure 1c compares
the forced responses of the initial and final shapes.

The second example is a hollow circular cross-section beam. The initial values for the
external radius are the same of the solid beam, now adding an inside radius restricted to be within
the interval [0.015 , 0.04 ]m. In this case, the first band gap changes from 7.0 − 8.7 kHz to
5.8 − 10.9 kHz. Note that it is slightly larger than the band gap obtained for the solid beam case
with same external limits, but less material.

5 CONCLUSIONS

The proposed method allowed a straightforward shape optimization of a beam element aiming at
widening the first wave band gap, caused by Bragg scattering. The optimized geometry in the
simple examples treated here is predictable, converging to the highest possible impedance disconti-
nuity. However, the proposed method has the potential to generate less predictable results if differ-
ent optimization objectives are sought, such as a simultaneous band gap for flexural, longitudinal
and torsional waves of a frame element with more complex geometrical and material properties.
Functionally graded structural elements can be optimized. Furthermore, the method can be easily
extended do two- and three-dimensional structures, such as spatial frames and plates. The authors
are currently investigating these applications.
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Figure 1: Comparison between initial (black) and final (red), solid beam case: (a) geometry, (b)
dispersion diagrams and (c) forced responses for a beam with 5 unit cells.
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Figure 2: Comparison between initial (black) and final (red) hollow beam case: (a) geometry, (b)
dispersion diagrams and (c) forced responses for a beam with 5 unit cells.
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ABSTRACT 
 

This paper proposes a new intelligent control algorithm for half car system. A combination between 

a model free controller based on a non-asymptotic observer with a sliding mode reference 

conditioning scheme. Merging different advantages such as limiting the level of vertical acceleration 

and using online observer can be helpful for conserving the ride comfort requirement.A comparative 

analysis with passive system, classical PID and SMRC+PID is presented. Results obtained from the 

introduced control scheme show a robust fault tolerant controlling to sprung mass variation and 

sensor noise 

 

 

1 INTRODUCTION 

In order to achieve high level performance objectives in terms of the comfort of vehicle and passenger 

safety, several technical skills are required. Indeed, to improve the dynamics of the vehicle, both 

effective observation strategies and control are essential in addition to knowledge of automotive 

mechanics. It is very important that the research community prove that the proposed theoretical 

strategies can lead to real workable solutions that meet the needs of the industry.  

The main objectives of this paper are to develop new methodologies and innovative solutions, 

for the studying vehicle behaviour, for the observation online of critical situations, detection and 
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2 

 

control with robustness the half car dynamic. In addition, one of the main objectives of the solutions 

developed in this work is to improve passenger comfort under different kind of unpredictable 

perturbations .Several approaches are developed to ensure the supervision and observation of driving 

situations, in order to avoid the use of many sensors [1-2]. For example Haddar et al [1] used the 

development of algebraic estimators, both for estimation and compensation of unknown dynamics in 

control algorithms for quarter car model. 

For these raisons, a new scheme of control is developed in this paper. A combination between 

the effectiveness of two kind of controller that allows driver to getting a good ride comfort and 

robustness to exogenous and endogenous perturbations. 

2 MULTIBODY SUSPENSION SYSTEM 

The model of a half-car suspension represented as a combination of two-quarter car model for giving 

born to a linear four degree of freedom system. All used mechanical components are linear. Additive 

servo-hydraulic actuators are integrated into the architecture to generate active power. The parameters 

and required performances are detailed in the work of León-Vargas et al [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Half car model 
 

The equations of motion of Half Car Model are illustrated as following: 

       1 1 1 2 2 2 1 1 1 2 2 2 ,1 ,2s s s s u s s u s s u s s u A Am z k z z k z z d z z d z z F F            (1) 

       1 1 1 2 2 2 1 1 1 2 2 2 ,1 ,2yy s s u s s u s s u s s u A AI k z z a k z z b d z z a d z z b F a F b            (2) 

     1 1 1 1 1 1 1 1 1 1 1 ,1u u s s u s s u s u r Am z k z z d z z k z z F        (3) 

     2 2 2 2 2 2 2 2 2 2 2 ,2u u s s u s s u t u r Am z k z z d z z k z z F        (4) 

Two relations between the body displacement and the pitch rate can give the expressions of displacements 

of sprung mass at front and rear tyres respectively: 1s sz z a   and 2s sz z b  . 

3 IMPLIMENTED CONTROLLERS 

The novelty in this paper is the use of an i-PD controller as a new controller for half car model. 

Furthermore, the combination between the introduced SMRC controller and the intelligent controller 

is introduced for getting more effective controller in amelioration ride comfort.The i-PD is classified 

as a model free controller that is able to reject all kind of perturbations online and without need to a 
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new calibration. In fact, the knowledge of the mathematical model and the features of noise are 

avoidable. The equation of control process and non-asymptotic observer can be written as following: 

 , , ,

,

ˆ
ref i P i D ii

A i

i i

Cancellation term Closed loop tracking

y K e K e
F



 

 
    

(5) 

,
ˆ ˆˆ[ ] ( )i s e A iz F t     (6) 

,A iF are the actuators forces.
,ref iy are the suspension deflections. 

,P iK ,
,D iK are the PD gains. 

i is a scaling parameter. ˆ[ ]s ez and 
,

ˆ ( )A iF t  are the estimated signals from algebraic non-asymptotic 

observer. 

4 SIMULATION RESULTS 

4.1 Control under noisy condition 

In real time application, the problem of noisy signals is an important issue and especially in the field 

of automotive applications. As indicated by Haddar et al [1], digital filters implemented in Model Free 

controller   are useful for extracting a noiseless signal. In this simulation, we try to show the variation 

of sprung mass acceleration for evaluating the ride comfort criteria. Then, a measurement noise was 

added in the simulated measurements of sprung mass acceleration to investigate the robustness of i-

PD+SMRC to sensors default. From the results depicted in Figure 2 -(a) , it is show that i- PD+SMRC 

and PD+SMRC show better vibration isolation characteristics compared to passive suspension ,PID 

and i-PD. In fact, this attenuation is related to SMRC that allows to set up a limit values for the 

acceleration between 1.2 m/s-2 and -1.2 m/s-2.However, Figure 2 -(b) demonstrate that SMRC is 

sensitive to the noise in the absence of intelligent term ̂ .  From Figures 2(c-d), the algebraic filters 

are effective tools for low-pass filtering noisy data.  

4.2 Variation of loads  

Theoretically, the mass of the vehicle can be determined based on provided information about the 

geometry and the masses of the bodies. However, these measures cannot take into account a certain 

number of factors that influence the ride comfort such as the addition of the driver numbers, passengers 

and baggage, and whose effect is not negligible on the total mass. From the results depicted in Figure 

3, it is show that the classical PID and PID+SMRC are unable to dealing with the sprung mass 

variation and are sensitive to this kind of uncertainty. However, the scheme that include a non-

asymptotic observer are unsusceptible to the load variation. As indicated by [1], the intelligent term is 

able to conserve the stability of the vehicle dynamic and avoid the process of recalibration of controller 

gains. 

5 CONCLUDING REMARKS 

As part of this paper, an evaluation of a fault-tolerant control approach for half car model. It is therefore 

necessary in the suspension architecture chosen; these systems are placed under the supervision of a 

supervisor in charge of detecting the failures of the systems, and to adapt the laws of control in case 

of fault. Fault Tolerant Active Control, which consists of automatically correcting the effects of 

failures by performing two tasks: detect and identify faults, adapt the control laws to the present fault 

as sprung mass variation and sensor default.  
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Figure 2. The car body acceleration with sensor default  
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Figure 3. Variation of Body sprung mass 
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ABSTRACT

This study compares the implicit condensation and enforced displacement methods in terms of the
way in which they approximate the effect of nonlinear behaviour for high displacement levels. These
non-intrusive reduced-order methods are typically applied to commercial finite element software to
approximate the calculations made by their nonlinear solvers. To overcome the fact that it is not
possible to access the source code for these programmes, this paper uses quintic-order discrete and
continuous Galerkin models as the “full” system. This allows the comparison of the polynomial
coefficients in the reduced-order models with those in the full system, as well as the assessment of
the manner in which these adapt to capture higher-order behaviour.
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1 INTRODUCTION

The ability to quickly and accurately capture nonlinear vibrations continues to be an active area
research, motivated by the development of increasingly lightweight and flexible mechanical struc-
tures. While it is possible to accurately model this behaviour using finite element (FE) software,
the number of degrees-of-freedom (DOFs) required to do so can often be prohibitive. In particular,
simulations can often take a number of days to run or require access to high-performance com-
puting facilities. To overcome this, it is possible to produce a non-intrusive reduced-order model
(NIROM), which applies a number of simpler cases in the FE software and approximates the non-
linear effects based on these results.

This work considers two leading NIROM techniques – namely, the implicit condensation
(IC) [1] and enforced displacement (ED) [2] methods – and applies them first to a quintic-order
discrete model, and then a quintic-order Galerkin model. The NIROM polynomial coefficients can
then be compared directly with the full model in terms of how these adapt to account for variations
in the magnitude of the nonlinearities. As such, this work can be considered as an extension of the
analysis performed in [3].

2 NON-INTRUSIVE REDUCED-ORDER MODELLING TECHNIQUES

A full overview of the IC and ED methods can be found in [1] and [2], respectively. Of primary
importance to the present study is the observation that the methodology of the two techniques is
largely identical, with both applying a series of static cases so that the force-displacement relation-
ship can be approximated using as a cubic polynomial. The mathematical expression for the nth

equation of these static cases is given by

ω2
nqn +

N∑
i=1

N∑
j=1

N∑
k=1

A
(n)
ijkqiqjqk +

N∑
i=1

N∑
j=1

B
(n)
ij qiqj = Fq,n, (1)

where qn denotes the displacement of the nth mode, ωn is the nth natural frequency, Fq,n is the nth

modal force, and N is the number of modes retained in the modal basis. The A and B coefficients
are found via regression analysis of a number of static cases made up of modal displacements and
forces. In the IC method, is the modal forces that are applied, with the resulting displacements
outputted from the FE software, and vice versa for the ED technique. This difference in strategy
results in similar static cases, but with the modal compositions differing between the two. The work
of the following sections investigates the effect that this has on the results.

3 DISCRETE MODEL

The simplest implementation of higher-order terms can be achieved by introducing quintic terms
to the cubic nonlinear springs that have been used in previous studies [3]. As such, the nonlinear
force term is given by

FNL(x) = k3

(
(x2 − x1)

3

−x3
2

0

)
+ k5

(
(x2 − x1)

5

−x5
2

0

)
, (2)

where k3 and k5 are constant coefficients. These can be projected onto the modal basis to give
expressions of the form

F =
∑

ρi+ρj+ρk=3

R(1)
ρiρjρk

qρii q
ρj
j qρkk +

∑
ρi+ρj+ρk+ρl+ρm=5

S(1)
ρiρjρkρlρm

qρii q
ρj
j qρkk qρll q

ρm
m (3)

where the R and S coefficients arise in the expression of the physical coordinates in terms of the
modal coordinates.

In both methods, the magnitude of the static cases is left to the user. Figure 1 explores the
accuracy of the model as this is varied. It can be observed that, when this coefficient is higher,
the region over which the approximated backbone curve remains close to that of the full model is
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Figure 1: Backbone curves for the 3DOF spring-mass model, generated using the full model, as
well as with the IC and ED methods.

extended. As such, it can be observed that both methods attempt to condense the effects of the
quintic terms into the cubic coefficients. This is achieved to a greater extent in the IC method as a
result of the displacement of membrane modes that is not present in the ED technique.
It must be further noted that the accurate replication of the cubic coefficients is actually seen to be
detrimental for the accuracy of the backbone curve at higher amplitudes.

4 DISCRETE MODEL

This investigation is extended by the continuous Galerkin model for a pinned-pinned beam with a
rotational spring at one tip, which has previously been observed to exhibit modal interactions [4].
The model is extended to include higher-order tension terms, as outlined in [5]. Figure 2 displays
the backbone curves for a number of maximum static displacements and the condensation of the
higher-order terms into the cubic coefficients can again be observed. While the observations re-
garding the fundamental component of the backbone curves remain true in this case, the inaccurate
approximations generated using displacements of 10−1 and 1 highlight the importance of using
realistic static cases.
The inset panel of Figure 2 demonstrates how the coefficients adapt to model the internal resonance
tongue. It can be seen that, as the static displacement (and hence triggering of the modal interaction)
is increased, the tongue moves towards the dashed grey line denoting the full model.

5 CONCLUSIONS

This paper presents a preliminary investigation of the implicit condensation and enforced displace-
ment method through their application to analytical nonlinear systems, as opposed to those devel-
oped using commercial finite element software. A number of key observations have been made and
are summarised as follows:

• The accurate recreation of full nonlinear coefficients by the NIROM does not guarantee an
accurate reproduction of the response. In fact, this has proven to be detrimental to the predic-
tion. This reassures the user that access to the nonlinear solvers of commercial FE packages
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Figure 2: Backbone curves calculated by applying the ED method to the higher-order Galerkin
model.

does not prohibit the development of accurate ROMs.

• Both techniques are observed to condense the effect of the higher-order terms into the cu-
bic order polynomial approximation. This is more pronounced in the IC method, due to its
triggering of membrane effects when modal forces are applied. This is consistent with obser-
vations made in a previous study [3], in which a cubic system was used as the full model. In
this case, the ED coefficients were invariant to changes in the static displacements, whereas
the IC method varied in a similar way to that observed in the current work.

• Variations in the coefficients are capable of improving the prediction of both the fundamental
section of the backbone curve and of internal resonance tongues. Again, this can reassure the
user of the potential of these techniques, though this is an area in which further investigation
may prove useful.
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ABSTRACT

This paper outlines the initial stages in the development of a coupled fluid-structure model for the
prediction of hydrodynamic behaviour in a flexible riser. Initially, the two models will be consid-
ered separately, with the computational fluid dynamics analysed first and results applied to the
solid structure separately. A discussion of the most appropriate outputs to stimulate the structural
response is provided, considering the conversion of pressure fluctuations into forces and the assess-
ment of frequencies in the variation of liquid hold up. The overall aim of this project is to develop
fully-coupled model that can be used for the prediction of experimental results. The methodology
presented in this paper offers a significantly lower computational cost than fully-coupled fluid-
structure solvers and provides a faster platform to predict the system behaviour. These charac-
teristics make this tool the perfect candidate to assess the influence of different parameters in the
early stages of the design process and instruct the model selection by reducing the risk of undesired
behaviour.
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1 INTRODUCTION

While there exists an extensive list of potential multiphase flow regimes, it is the occurrence of
slugging that is widely considered to have the highest destructive potential [1]. Despite the de-
velopment of a number of modelling techniques for the treatment of this complex behaviour [2],
the majority of the existing works mostly focus either on the fluid or on the structure behaviour,
largely simplifying the remaining field. Such simplifications call for meticulous validation of the
model accuracy through comparison with experimental data, but such experiments can be particu-
larly costly due to the need for a closed-loop multiphase system capable of providing the specific
set of flow parameters to accommodate slug flow. In particular, the structural response in flexible
risers remains largely uninvestigated, leaving a great deal of uncertainty in the design process. This
observation provides the motivation for the development of a coupled fluid-structure model capable
of reproducing accurately the structural behaviour, and provide quantitative estimations of the force
and displacement levels.

2 REPRESENTATIVE STRUCTURE

In this study, a slender, flexible riser is modelled numerically. Long pipes are required for the
development of slug flow in computational fluid dynamics (CFD) models, and, to this end, the
pipe comprised three sections: an initial 1 m horizontal section, a curved riser, and a vertical 1 m
section. The curved riser was based on a quarter ellipse with major axis of 14 m and minor axis
of 8.6 m. As such, the total length of the pipe was 10 m. The pipe has an interior diameter of 50
mm and wall thickness of 7 mm. Additionally, due to the asymmetric nature of slug flows – as well
as their irregularity – it was required that the simulations were carried out using three-dimensional
geometries.

Due to the interest in interaction at the surface between the multiphase flow and the solid
enclosing pipe, an inflation zone of five layers was used in the generation of the mesh. The resulting
mesh contained 487,888 elements and 198,254 nodes. A time-step of 10−3 s was chosen after a
number of test simulations, as this was able to encapsulate the desired multiphase flow features
while maintaining a reasonable computational load.

2.1 Mathematical modelling

The computational simulations have been performed using ANSYS Fluent, applying the volume of
fluid (VOF) model and k-ε turbulence model.

2.1.1 Volume of fluid model

The volume of fluid model uses the assumption that there exist two or more fluids, which are not
interpenetrating. Within the cells of the mesh all properties and variables are functions of the phase
fractions (see ANSYS user guide). For the purpose of this study, two phases were used, one liquid
and the other gas. The liquid and gas chosen for this are water and air respectively.

2.1.2 k-ε turbulence model

The k-ε turbulence model represents a compromise between numerical demands and stability, re-
sulting in its extensive application in industry. Belonging to the two-equation eddy-viscosity tur-
bulence type of model, there are many variants which are applied depending upon specific require-
ments. In the k-ε model, the k represents the turbulent kinetic energy and the ε is the turbulent
dissipation term. Reynolds decomposition is applied to the various fields, splitting the instanta-
neous value into an average value and a value representing a fluctuation. Thus an additional set of
two conservation equations are required to be solved to realise the Reynolds stresses.
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3 RESULTS

3.1 Slug flow development

The key aim of this study is to assess the impact of slug flow on the vibrations of a flexible pipeline
riser. Therefore, the initial step was the selection of flow parameters that lead to the development
of hydrodynamic slugging in the riser. Advised by studies in the literature [2], the flow parameters
were varied until slug flow was achieved.

Through the application of these conditions, it was possible to establish slugging in the test
section, as can be observed in Figure 1. The first panel of Figure 1 show the gas volume fraction
(GVF) of the developed slug flow, whereas the second panel displays the corresponding pressure
values. It can be observed that the pressure is greatest at the tip of each gas slug, which will
potentially lead to a pseudo-periodic forcing of the structure.

Figure 1. Visualisation of the developed slug flow in terms of GVF and pressure values.

3.2 Applying CFD outputs as structural excitation

There are a number of ways in which the outputs of the CFD model could be applied to a structural
model without coupling, though the authors have identified to primary strategies. Of course, in the
fully-coupled model, this would not be an issue, but the consideration of both of these cases will
allow an examination of methods that may provide accurate results without the need for complex
simulations. The two strategies identified are as follows:

• Pressure values can be recorded at the fluid-structure boundary and used to calculate the
forces experienced in the solid structure. These can then be applied to a structural model
with identical geometry.

• Variations in the GVF can be recorded and the frequencies of these can be extracted from the
time history via Fourier transform. The structural model can then be periodically excited at
these frequencies.
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Naturally, there are positive and negative aspects to both of these methods. While the first gives
a more direct representation of the fluid-induced forcing of the pipe, it can be computationally
expensive. Alternatively, the second method provides useful insight without the explicit application
of extensive time history data.

4 NEXT STEPS

As discussed above, the work presented here represents the initial steps towards the development
and assessment of a coupled fluid-structure model that can be used to predict the structural response
of an experimental flexible riser. The overall strategy, including both components that have been
completed and additional steps, is summarised as follows:

• Development of slug flow using CFD: This provides an initial numerical case that can be
adapted in the following steps.

• Application of structural excitation methods: The results of these can be compared in terms
of their consistency and used to make initial suggestions for experiment design.

• Development of coupled fluid-structure model: The initial stages of this process allow the
forces from the fluid flow to be directly inputted into the structural model at each time step.
Subsequently, the influence of the structural response on the flow regime can also be added.

• Application in experiment design: The anticipated forces and displacements can be used to
advise the design and measurement strategy of a real riser subjected to internal slug flow,
taking into account the uncertainty related to the numerical predictions.

• Comparison with experimental data: The recorded data from the experimental setup can be
used as a validation of the initial numerical predictions.

• Updates to coupled model: Where necessary, differences between the numerical and exper-
imental results can be used to highlight areas in which the model is inaccurate. Appropriate
updates to the model can then be applied.

5 CONCLUSIONS

This paper provides insight into the initial steps and overall strategy for the development of a
methodology for predicting the vibration response of an experimental flexible riser subjected to
internal slug flow. A CFD model for the development of slug flow in a representative structure
has been presented. This has allowed the identification and measurement of a number of potential
outputs that can be applied as an excitation for a solid finite element model. In particular, observed
variations in the GVF and pressure provide a useful indication as to the nature of a potential pseudo-
periodic forcing. The results presented here play an important role in the design of experimental
rigs featuring interactions between slug flow and structural dynamics. In this work, in particular,
they have been successfully used to outline a strategy for the development of the project.

REFERENCES

[1] M. A. Farghaly. Study of severe slugging in real offshore pipeline riser-pipe system. Society of
Petroleum Engineers, 1987.

[2] V. Talimi, Y. S. Muzychka, and S. Kocabiyik. A review on numerical studies of slug flow
hydrodynamics and heat transfer in microtubes and microchannels. International Journal of
Multiphase Flow, 39:88–104, 2012.

4
228



MEDYNA 2020: 3rd Euro-Mediterranean Conference on Structural Dynamics and Vibroacoustics                                                                                                                                                

17-19 February 2020, Napoli (Italy)    

 

 

  

 

 
 

 

UNSUPERVISED LEARNING ALGORITHM AND A 

SENSOR SWARM FOR STRUCTURAL HEALTH MONITORING 

OF A BRIDGE 

N. Roveri1, S. Milana1, A. Culla1, P. Conte1 and A. Carcaterra1  

 
1Department of Mechanical and Aerospace Engineering,  

Sapienza, University of Rome, ITALY 

Email: nicola.roveri@uniroma1.it, silvia.milana@uniroma1.it, antonio.culla@uniroma1.it, 

conte.1660849@studenti.uniroma1.it, antonio.carcaterra@uniroma1.it 

 

 

ABSTRACT 
 

A Model-free approach to Structural Health Monitoring allows the damage detection without the 

needs of any a priori information about the response of the undamaged structure. The present paper 

proposes an unsupervised early-stage damage detection method, which relies on the combined 

application of the Principal Component Analysis, for features extraction and dimensionality 

reduction, and Symbolic Data Analysis, for automatically cluster different patterns. The structure 

considered is a Warren truss bridge, which is numerically simulated by a Finite Element Model, it is 

excited by a thermal cycle and a static load; the damage is modelled as a sudden reduction of the area 

of the section; vibration data are acquired on a number of sensors distributed over the whole 

structure. The validity of the proposed algorithm is numerically tested over one month of vibration 

data: the damage is properly identified by some PCAs, which show a sudden amplitude variation or 

a change of shape, in respect to the damage application; furthermore Symbolic Data Analysis allows 

an effective clustering of damaged and undamaged PCA samples. Robustness of the algorithm is 

tested at different noise level, timing of damage, damage position and depth, the influence of the 

sensors’ number is also tested. 
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1 INTRODUCTION 

Structural health monitoring (SHM) allows the real-time characterization of a structure in order to 

improve its safety and to optimise the maintenance procedures. The first issue in SHM is the early 

stage damage detection, which is generally carried out analysing vibration data coming from the 

monitored structure [1-5]. Several techniques employed in SHM are based on the determination of 

modal properties through an identification process [1-3], which imply the filtering of the signal that 

generally mask the damage signature in respect to the raw data. In addition, modal components are 

essentially describing an equivalent linear behaviour, which may be not exact for the analysis of 

damaged systems. To overcome the problem, several damage detection methods presented in recent 

years are based on signature principles, which generally require a time-frequency analysis of the 

acquired signal [4-5], they generally provide better performances regarding the early stage detection, 

however their results are still hard to be generalised in an automatic detection procedure when real life 

structures are considered. In addition, working with raw data imply to deal with large data sets, which 

makes the analysis process very demanding.  

This paper draws inspiration by a research project between the department of Mechanical and 

Aerospace Engineering of Sapienza University of Rome and BASF Italy Spa, concerning an 

unconventional structural restoration of a train bridge, located over Bormida river, in northern Italy. 

Instead of using traditional steel bars reinforcements, Glass Fibers Reinforced Polymers are employed, 

with an embedded set of Fiber Bragg Grating (FBG) strain sensors for monitoring the structural health 

(SHM) of the reinforced existing structure. FBG sensors allow continuous acquisition and distributed 

sensing over significant areas, as a result, a huge amount of data is generated: this paper provides 

indeed a SHM algorithm, for the damage detection level 1 problem according to Rytter's classification, 

which involves data compression via Principal Component Analysis (PCA), to limit the 

dimensionality of the problem, and data clustering, by Symbolic Data Analysis (SDA), for an easy 

implementation of an automatic detection procedure. Furthermore, it is also investigated how the 

sensor number and locations affect the identification of the damage.  

2 DAMAGE DETECTION ALGORITHM 

Truss bridges are particular kind of bridge with its load-bearing structures composed of a series of 

wooden or metal triangles, known as trusses. The model here analysed is made up by one large span 

divided into 5 equilateral triangles. The system is numerically studied by FEM considering a number 

of sensors distributed over the structure.  

 
Figure 1. Sensor and Damage positions 

The structure undergoes a punctual static load, applied in the second base chord and a thermal 

cycle, which varies from 15 degress to 40 degrees according to a sinusoidal distribution that simulate 

24 hours in a typical summer day reaching the maximum temperature at 12pm. The presence of 

damage is simulated by a sudden cross section reduction, which goes from 1 to 30%, different damage 

positions are also studied. Numerical vibration data is also corrupted with white noise with zero mean 

and 1% rms. The numerical displacements of the sensors are processed by PCA, data are organized in 
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an n x m input matrix where rows are for the time samples and columns for the sensors. PCA is applied 

to the input matrix, producing another n x m matrix, where the Principal Components are organised 

in columns. The first PCAs are those with the largest variance and are related to the global modal 

properties of the structures, which are not sensitive to the damage presence, while the presence of 

damage is identified in some PCAs starting from the 5th. As an example, Figure 2 shows the 5th PC 

where the damage is located at the sudden amplitude jump. Please note that the 10th PC doesn’t show 

any discontinuities in that time correspondence, however the damage presence is still detectable since 

the curve has different shapes before and after the damage occurs. 

In order to enhance the performance provided by PCA and for an easy implementation of an 

automatic detection procedure SDA is also employed. One month data is considered: in the first 15 

days the structure is intact, then the damage occur in the 16th day and remain damaged until the 31st 

day of the month. PCA is performed for each day and, for each PCA, a new input d x m matrix is 

generated, where rows are for different days and columns for time samples: each input matrix is then   

processed by k-means and hierarchical tree, which divide observations in a set of clusters.  

 

 

 
Figure 2. 5th and 10th PCs of a day structure is intact (green), the day damage occurs (blue) 

and a day structure is damaged (red). 

3 RESULTS AND DISCUSSION 

Many tests have been conducted in order to prove the robustness of the algorithm: different damage 

depth, location and time occurrence have been tested in order to prove that the method is not time 

depending: in each case it is possible to identify at least a Principal Component, for example the 5th, 

that shows a sudden jump that reveals the presence of the damage. This result is obtained 

independently of the noise level considered, whose rms ranges from 1% to 10%. 

 
Figure 3. Damage indicator plotted versus the damage depth, for different damage positions.  

With reference to the Figure 3, the algorithm achieves to detect damage until 1% of area 

reduction, when the section damaged is placed on the base of the truss and 5% of area reduction when 

it is placed on a lateral member. Below these values damage can be detected in higher PCs, i.e. 7th and 

8th, but the procedure become less robust. Note that from 30% of damage intensity, also the firsts PC 

becomes sensitive to the damage presence. The influence of the sensor number is also considered: 

very good performances are obtained when at least one sensor per truss member is considered. On the 

other hand, if the number of sensors is low, i.e. much smaller than the total number of members, a 

positioning problem arise: damage is well detected only when there are sensors nearby. 
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Finally, the effect of SDA is described. With reference to Figure 4, clustering functions 

achieve to separate two different cluster when 5th PC is selected: cluster 2 separates the sample in the 

single day on which the damage occur, i.e. the 16th day, from the samples in cluster 1, which refers to 

other 1-15 and 17-31 days. When the 10th PC is selected three different groups arises: cluster 1 contains 

all the undamaged days labelled from 1 to 15, cluster 2 contains all the damaged days labelled from 

17 to 31 and cluster 3 contains the day 16th on which the damage occurs. 

 
Figure 4. Silhouette and dendrogram of 5th PC selection (left) and 10th PC selection (right). 

4 CONCLUSIONS 

A novel technique for the early stage damage detection is here presented, which is based on the 

combinate use of PCA and SDA. The damage is properly identified by some PCAs which show a 

sudden amplitude variation, i.e. the 5th and the 6th, or a change of shape, i.e. the 10th, in respect to the 

damage application. The effect of the number of sensors has been also analysed, studying how PC are 

sensitive to the damage presence varying the number of the measurement points along the structure: 

very good performance are obtained when at least one sensor per truss member is considered, while 

if the number of sensors is much smaller than the total number of members, the damage is well 

detected only when there are sensors nearby. The application of SDA furtherly improves the 

performance provided by PCA and allows an automatic detection procedure: when the 10th PC is 

selected three different groups arises, separating the damaged and undamaged days and the day on 

which the damage occurs.  
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ABSTRACT

Ice accretions on aircraft lifting surfaces must be removed in flight to avoid catastrophic accidents.
Conventionally, this is done effectively but inefficiently by bleeding hot air from the engines prompt-
ing a number of low energy approaches to be explored that use high amplitude shock or vibration.
One recently proposed method, which has so far been successfully implemented for a beam, gener-
ates a shock response at a target position by focusing elastic waves in time and space from a single
actuator. However, prior knowledge of the dispersion characteristics of such waves is required.
In order to extend the applicability of the technique, this paper aims to predict the dispersion
curves of waves propagating along the leading edge of a Boeing 737 wing slat. A semi-analytical
finite element (SAFE) model is implemented in Comsol Multiphysics software. By assuming a
spatially harmonic displacement field in the direction of propagation only the 2-D cross section of
the waveguide needs to be meshed.
Dispersion curves are presented for the leading edge portion of the erosion shield under several
assumed sets of boundary conditions. The dispersion curves are compared with measured results
from laboratory tests conducted on the real wing slat and found to be in good qualitative agreement.
The model will be further developed to predict interfacial shear stresses between the wing skin and
accreted ice under transient loading.

233



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

1 INTRODUCTION

Wings and other aircraft lifting surfaces must be kept free from ice to maintain aerodynamic per-
formance and controllability. Traditional methods of ice protection depend on aircraft size and
include pneumatic de-icing boots, electro-thermal systems, glycol based fluid and bleed air. Each
has its own drawbacks such as weight, cost, complexity, unreliability, high maintenance or power
consumption. To overcome these difficulties a number of electromechanical de-icing concepts
have been proposed over the years. They are low-energy solutions that use mechanical pulses
or vibrations to break the bond between the ice accretion and the structure. An overview of the
state-of-the-art can be found in [1].
Ultrasonic vibration methods, specifically for rotorcraft, have been pioneered by researchers from
Pennsylvania State University, and these activities are summarised in [2]. The main limitations
relate to the capacity of piezoelectric actuators to deliver sufficient force and, relatedly, the need
to drive them at resonance causing them to heat up and crack. To circumvent this problem Waters
proposed the use of transient, chirp excitations which achieve amplification through wave focussing
instead of resonance [3]. This approach has been shown capable of delaminating an ice substitute
from a beam [4]. Extension of this method to realistic wing structures requires prior knowledge of
free wave propagation along the wing leading edge where ice accumulates in order to negate and
even exploit the effects of wave dispersion.
For structures with complicated cross-sections dispersion curves must be found numerically. A
method which is readily applicable to uniform waveguides is the semi analytical finite element
(SAFE) method. In this paper, the SAFE method is used to model the leading edge of a Boeing 737
wing slat, the results of which are partially validated through laboratory experiments.

2 FREE WAVE PROPAGATION MODEL OF WING SLAT

The SAFE method assumes uniformity along the length of the waveguide. Whilst the Boeing 737
wing slat shown in Figure 1a-1b has periodic ribs these extend only as far as the forward spar, and
so the aluminium erosion shield is modelled approximately as a uniform curved plate, as shown
in Figure 1c. Its cross-section is approximately 80 by 100 mm with a skin thickness of 1.5 mm.
Three different models were considered, with hinged, simply supported and clamped boundary
conditions, as shown in Figure 2. In addition, three different meshes have been considered for each
model: 45 linear elements, 180 linear elements and 180 quadratic elements.

(a) (b) (c)

Figure 1: Boeing 737 wing slat: (a) leading edge slats on a Boeing 737. Image with kind permission
of Emile Myburgh, (b) cross-section of the wing slat and (c) cross-section of the model.

The numerical results were obtained using COMSOL Multiphysics finite element software
[5] and implementing the SAFE problem through its Coefficient Form PDE Interface as proposed
in [6]. Dispersion curves in the form of wavenumber against frequency were obtained from the so-
lutions of the eigenvalue problem yielded by the SAFE method for a set of frequencies from 0 to 10
kHz. The first four cut-off frequencies for the corresponding three models and three mesh configu-
rations are reported in Table 1. Mesh convergence has not yet been achieved due to computational
limitations, and a finer mesh will be required for future studies.
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(a) Hinged (b) Simply supported (c) Clamped

Figure 2: Boundary conditions of the wing slat models: (a) hinged, (b) simply supported, and (c)
clamped.

Cut-off frequencies (Hz)

Boundary condition Mesh 1st 2nd 3rd 4th

Hinged
45 linear elements 513.13 1662.68 2935.83 4788.86

180 linear elements 337.82 1100.31 1962.59 3226.41

180 quadratic elements 239.18 788.21 1445.34 2429.59

Simply supported
45 linear elements 125.20 830.87 1922.02 3282.33

180 linear elements 87.99 551.16 1256.68 2165.85

180 quadratic elements 69.38 394.46 882.07 1551.95

Clamped
45 linear elements 832.48 2329.72 3961.79 5951.52

180 linear elements 558.37 1541.84 2621.96 3998.57

180 quadratic elements 418.46 1115.88 1901.71 2994.22

Table 1: First four cut-off frequencies of the wing slat models discretised by three different meshes.

3 EXPERIMENTAL VALIDATION

Vibration measurements were conducted on the 3.5 m long wing slat which was suspended by
ratchet straps. One end was buried in a box of dry sand of tapered depth to provide some reduc-
tion of reflections. The wing slat was excited using a micro impulse hammer (PCB 086E80) and
the acceleration was measured with a miniature accelerometer (PCB 352C22). Transfer function
measurements were then acquired using a Data Physics Quattro spectrum analyser. In total, 26
accelerance transfer functions were measured, in the centre section of the wing to minimise con-
tamination by near fields, with a spatial array of length 0.6 m and a sensor spacing of 0.025 m. The
measurements were then repeated at a different chordwise position, slightly behind the stagnation
point, to improve the possibility of sensing all wave types. Dispersion curves were then estimated
from the transfer functions using the correlation method proposed in [7].
Figure 3 shows the estimated dispersion curves from the combined sets of transfer functions. Mul-
tiple branches are apparent corresponding to different wave types. Also shown are the predicted
results from the SAFE model with 180 linear elements and simply supported boundary conditions.
Whilst the mesh is not fully converged, these boundary conditions best replicate the measured cut-
off frequencies at around 500 Hz, 1300 Hz, 3000 Hz and 6600 Hz.

4 CONCLUSIONS

A SAFE model of the leading edge of an aircraft wing slat has been implemented using commercial
software to obtain dispersion curves of elastic propagating waves. There is qualitative agreement
with measurements on a real slat from a Boeing 737 aircraft, notwithstanding the limited extent of
the model.
In future work, the model will be extended to compute the forced response due to a chirp-like
input waveform chosen to focus waves at a target position. An accretion will be added enabling
interfacial stresses between the wing skin and accretion to be predicted.
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Figure 3: Measured and numerical dispersion curves for the simply supported wing slat model
discretised by 180 linear elements.
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ABSTRACT

The potential to use a tough hydrogel vibration isolator in a torsional energy flow noise abatement
application is investigated. The tough, single, three-dimensional macro-molecule hydrogel network
contains both chemical and physical cross-links; the former being permanent, covalent cross-links
while the latter being temporary cross-links. It is possible to match the frequency for maximum loss
factor for hydrogel shear modulus to the rigid body-resonance frequency of the vibration isolation
system, resulting in a very low energy flow transmissibility peak as compared to that of an ordinary
vibration isolation system. This feature is an important advantage since the rigid body-resonance
frequency range is unwanted but often unavoidable for torsional axial excitation moment of the
source. A possible extension is to control the energy flow transmission in a more realistic vibration
isolation system by individually and adaptively tuning the frequencies of maximum loss factor of
all including tough hydrogel vibration isolators in the system.

237



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

1 INTRODUCTION

Tough, doubly cross-linked, single network hydrogels concurrently containing both chemical and
physical cross-links e.g. [1–10] are an interesting material not only for tissue engineering but also
for noise abatement engineering. Those hydrogels contain permanent, covalently cross-linked
(chemical cross-links) macro-molecules shaping a three-dimensional polymer network that are
swollen with water and including additional temporary physical cross-links. It is possible to tune
the frequency fmax for maximum loss shear modulus by choosing a distinct metal ion to adjust the
kinetics and thermodynamics of the adhesion–deadhesion activity of the physical cross-links [6].
This conference paper investigates the potential to use vibration isolators made of tough, doubly
cross-linked, single network hydrogels in torsional energy flow noise abatement applications.

2 MODEL

2.1 Torsional vibration isolator

Consider the torsional vibration isolator in Figure 1 of length l, radius a and density ρ, made of
tough hydrogel and excited at one end (z = 0) by angular displacement

ûθ = φei2πf , (1)

while being blocked at the other end (z = l). The torsional driving point and torsional transfer

�

✵

✁
r

③

❛

❧

Figure 1: Torsional tough hydrogel vibration isolator of length l and radius a, excited at one end
and blocked at the other end.

stiffness e.g. [11]

kD
def
=
M̂θ|z=0

ûθ|z=0

= ka4µ̂
π

2 tan(kl)
(2)

and

kT
def
=
M̂θ|z=l
ûθ|z=0

= ka4µ̂
π

2 sin(kl)
, (3)

respectively, where torsional wave number and wave velocity

k =
2πf

c
and c =

√
µ̂

ρ
, (4)

i and µ̂ are imaginary unit and shear modulus, respectively.

2.2 Shear modulus

The shear modulus [10]

µ̂ = µ∞
1 + (1 +4)

√
if/fmax

1 +
√

if/fmax

, (5)

where µ∞ is equilibrium shear modulus and4 is stress relaxation intensity.
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Figure 2: Torsional energy flow from a source via a hydrogel vibration isolator into a semi-infinite
cylinder.

2.3 Energy flow

Consider the torsional source in Figure 2 modelled as a rigid cylindrical mass of length ls, radius as,
density ρs and axial torsional moment of inertia Js = πlsρsa

4
s/2, excited by a torsional axial moment

of M̂s resulting in a angular displacement of φ̂s. The time averaged energy flow in the system
Pin = <[M̂s conj(2πifφ̂s)]/2 and out of the system Pout = <[(kTφ̂s−kDφ̂|z=l) conj(2πifφ̂|z=l)]/2,
where conj(·) denotes complex conjugate of (·) and < denotes real part.
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Figure 3: The energy flow transmissibility into the semi-infinite cylinder TP out and into the isolator
TP in versus frequency together with corresponding result TP without vibration isolator as a reference and
that of an ordinary vibration isolation system TP out rubber vibration isolator.

3 RESULTS

The energy flow transmissibility into the semi-infinite cylinder TP out = Pout|with/Pout|without and
into the isolator TP in = Pin|with/Pin|without are shown in Figure 3 versus frequency, where subscript
are with and without vibration isolator. Data used are l = 0.01m, a = 0.006m, ρ = 1000 kg/m3,
µ∞ = 20 kN/m2, 4 = 9, fmax = 60Hz, ls = 0.005m, as = 0.02m, ρs = 7800 kg/m3 and
µcyl = 80GN/m2. Furthermore, the energy flow transmissibility TP without vibration isolator without
vibration isolator is shown as a reference. Clearly, energy flow transmissibility is close to one in
the low-frequency region, peaking at the rigid body-resonance frequency and is diminishing rapidly
with frequency above that resonance frequency. It is in this frequency range, well above the rigid
body-resonance frequency, where vibration isolation is effective (TP out � 1). The transmissibil-
ity peak in the high-frequency range is due to an internal anti-resonance in the vibration isolator.
The energy flow transmissibility into the vibration isolator is in general substantially higher than
the corresponding flow into the semi-infinite cylinder, in average 127 times higher; thus, showing
that vibration damping is present in addition to vibration isolation. Finally, the hydrogel isolator
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is substituted with a standard isolator of identical length l = 0.01m, made of natural rubber with
material properties from Ref. [12] and where the radius is adjusted (a = 0.0031m) to result in
approximately the same rigid body–resonance frequency as above. Clearly, the energy flow trans-
missibility peak into the semi-infinite cylinder for TP out rubber vibration isolator is more than 1000 times
higher for ordinary isolator than that of the hydrogel isolator. Not surprising as the loss factor peak
for hydrogel (45%) is adjusted to be approximately at the rigid body-resonance frequency 6Hz
= fmax/(4 + 1) being (6.4%) for the ordinary isolator at the same frequency. The adaptively
high damping at the rigid body-resonance frequency for hydrogel vibration isolator is an important
advantage as this frequency range for torsional axial excitation moment of the source is unwanted
but often unavoidable.

4 EXTENSION

An interesting extension of this conference paper is to the control energy flow transmission in a
more realistic vibration isolation system by individually and adaptively tuning the frequencies fmax

for maximum loss shear modulus of all including tough hydrogel vibration isolators in the system.
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ABSTRACT

Long-span suspension bridges are characterized by a high bending-torsional slenderness. Such
high compliance together with the high width-to-depth ratio of the typical boxed, sharp-edge, deck
cross sections emphasize the dynamic effects of the aerodynamic loads ensuing from wind-structure
interaction. Thus, when subject to severe wind excitations, suspension bridges may be affected by
dynamic instability phenomena, such as flutter or galloping, that can be damaging to the in-service
limit states and, in extreme cases, can also lead to the failure of the structure.
The mitigation strategies of such instabilities principally make use of passive control systems (i.e:
nonlinear vibration absorbers) that improve the aerodynamic stability of bridges. In this work, au-
thors propose a novel active optimal control algorithm for the minimization of flutter instabilities.
The aerodynamic nonlinearities are described by the quasisteady aerodynamic theory, originally
formulated for thin airfoils by Theodorsen, which is a typical section for a suspended bridge. This
fluid-structure interaction problem is represented by integro-differential equation of motion in the
time domain. Optimal control problems governed by integral-differential equations (IDEs) have
been a major research topic in applied mechanics and control theory. Authors propose a novel
indirect variational optimal control method applied to IDEs which is an extension of the Pontrya-
gin theory normally applied to differential equations and also its feedback extension via model
predictive control (integral MPC). Numerical results show how the integral MPC is able to totally
control the flutter instabilities. Moreover, the novel algorithm shows better results than standard
LQR control method in term of minimization of the cost function.
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1 INTRODUCTION

This paper proposes a novel optimal control method for the control of flutter instabilities in suspen-
sion bridges. The typical bridge cross-section can be modelled as an elastic airfoil moving in the
flow field with integro-differential mathematical counterpart.
Normally, the control strategies of such instabilities principally make use of passive control systems
(i.e: nonlinear vibration absorbers) that improve the aerodynamic stability of bridges. In this work,
proposes a novel active optimal algorithm consists in the formulation of the Pontryagin’s theory for
IDEs model and its feedback extension via model predictive control (MPC). The proposed integral
MPC has been already formulated by the authors for the vibrations control of autonomous under-
water vehicles [1, 2].

2 MATHEMATICAL MODEL OF TYPICAL BRIDGE SECTION

Theodorsen’s airfoil model [3] for this problem is employed to achieve the mathematical model of
the typical bridge transversal section. This theory provide the generalized unsteady aerodynamic
forces due to an arbitrary motion of the airfoil. The airfoil is a simple two degree-of-freedom

Figure 1. Elastic airfoil model: bridge typical transversal section

system, elastically constrained by a pair of translational and torsional equivalent linear springs,
oscillating in plunge (υ) and pitch (α) as Figure 1 shows. The elastic axis, E, is located at a distance
OE = ahc/2 from the mid-chord, while the mass center, G, is located at a distance EG = xαc/2
from the elastic axis. The aeroelastic equations of the typical section are:

ϋ + xαα̈ + Ω2υ + (ϋ − ahα̈ + Uα̇)
1

µ
+

2U

µ
KW (t) ∗ ẇ(t)3/4 = 0

xα
r2α
ϋ + α̈ + α− [ah(ϋ − ahα̈) +

1

2
U(1− ah)α̇−

1

8
α̈]

1

µr2α
+
U(1 + 2ah)

µr2α
KW (t) ∗ ẇ(t)3/4 = 0

(1)
where Ω = ωυ/ωα, being ωυ and ωα the uncoupled natural frequencies of heave and pitch modes,
respectively; rα =

√
4J/mc2 is the dimensionless radius of gyration about the elastic axis; µ =

πρc2/4m is the mass ratio, w3/4(t) is the downwash, KW (t) is the Wagner function [4], U =
2V/cωα the dimensionless inflow velocity and V is the inflow velocity, oriented along the x-axis.
The integral terms represent the circulatory part of the lift, due to the wake generation.
Using the property of the convolution, the system in state-space matrix form becomes:

ẋ = Ax + Σ(t) ∗ x + bu (2)

where the new state vector is x = {x1,x2}T = {q, q̇}T and q = {υ, α}T; A is the dynamical
matrix, Σ(t) the convolution matrix and u is the control variable. Equation (2) is completed with
the initial conditions x(τ)=x0(τ), τ ∈ (−∞, t].
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3 INDIRECT VARIATIONAL METHOD FOR IDES & MODEL PREDICTIVE FEED-
BACK FORMULATION

The presence of integral-differential equations of motion requires a nonstandard optimal control
startegy.
The cost function of the variational optimal control problem is described by the quadratic functional
J̃ , and the optimal control problem is stated as:

min J̃ =

∫ Tf

−∞

1

2
xTQx +

1

2
uTru dt

subjected to

ẋ = Ax + Σ(t) ∗ x + bu

(3)

where Q and r are the gain parameters. Introducing the Lagrange multiplier vector λ and minimiz-
ing the functional J in terms of the variations δx, δẋ, δλ, δu, the Euler-Lagrange associated system
is founded as follow:

λ̇ = Qx−ATλ−
∫ Tf

t

ΣT(τ − t)λ(τ) dτ

ẋ = Ax + br−1bTλ+

∫ t

−∞
Σ(t− τ)x(τ) dτ = 0

x(τ) = x0(τ), τ ∈ (−∞, t]

λ(T)

(4)

where the control law is u = r−1bTλ. Equations (4) are solved by applying implicit forward finite
differences technique and solving the discrete matrix solution which follows:{

χ
(1,N)
x

χ
(0,N−1)
λ

}
= Ω(0,N−2)−1

Λ(0,N−1)
{
ζ
(0)
x

0

}
(5)

where the vector of unknowns is {χ(1,N)
x , χ

(0,N−1)
λ }T, χ(1,N)

x ={x1, ...,xi, ...,xN}T,
χ
(0,N−1)
λ ={λ0, λ1, ..., λi, ..., λN−1}T, where (N,M) indicates dependence on the time values of ti for
i ∈ [N,M ]. Analogusly, {ζ(0)x ,0}T where ζ(0)x ={x0}. Equation (5) reveals that the system response
depends only on the initial condition of the system giving an open loop solution. In order to found
a feedback solution of the optimal control problem, a model predictive control strategy has been
formulated. The MPC strategy does not implies the use of the complete solution shown before, but
we use only the first output for u, associated at the time t = t0, to which is also associated the first
output for the state at the time t = t1. We can iterate this process and at the generic k-th step one
obtains: {

χ
(k,N)
x

χ
(k−1,N−1)
λ

}
= Ω(k−1,N−2)−1

Λ(k−1,N−1)

 ζ
(0,k−1)
x

ζ
(0,k−2)
λ

0

 (6)

4 NUMERICAL SIMULATIONS & CONCLUDING REMARKS

Different numerical simulation have been performed to test the proposed integral MPC method in
order to minimize the instable behaviour of a suspended bridge, when it is in flutter condition, by
controlling the 2-dof of its typical transversal section. Specif dynamic and geometrical parameters
have been chosen and the algorithm has been applied to the IDE model at the flutter velocity Vf =
0.1m/s and it has been compared with the standard LQR method. In particular, Figure 2 shows
the evolution in time of the displacement and velocity of both degree-of-freedom (heave and pitch)
when the airfoil is in the flutter condition (u = 0, green line), when the integral MPC is controlling
the system (blue line) and the respective results when the LQR is applied (red line). It is evident
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Figure 2: Right: System disturbances, control law: integral MPC vs LQR; Left: Pitch & Heave
displacement and velocity: flutter condition vs controlled system (integral MPC vs LQR)

that the integral MPC succeded in the total control of the airfoil flutter instabilities. Moreover,
Figure 3 reports the values of the objective function J computed in different simulations in which
external random disturbances are acting on the system. At increasing level of standard deviation
σ, the integral MPC presents better results than LQR method in terms of minimization of J , as
required by the statement of the optimal problem in equation (3).

Figure 3: Cost function J value in presence of external random disturbances: integral MPC vs LQR
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ABSTRACT

Different ways to analyse the role of resonators for a vibroacoustic control taking a re-entrant unit
cell as an hosting structure is done using classical WFEM tools. The core of the structure is anal-
ysed using the Floquet-Bloch theorem and resonators are added to the structure to understand the
physical impact they bring in the case of a complex and inhomogeneous 3D structure. A paramet-
ric analysis on the resonator using a modified version of the Transfer Matrix Method is used to get
the frequency responses of the finite structure to quickly identify the resonant stop bands. The 2D
inverse WFEM is performed to analyse the type of waves travelling through the structure in order
to understand how to improve the vibroacoustics performances by tuning the resonators keeping a
constant mass to the overall system.
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ρ [kg.m−3] 1040 L [mm] 6 ρR [kg.m−3] variable Lr [mm]
√
3L

E [GPa] 8.1 t [mm] 0.3 ER [GPa] E br [mm] 1.33
ν 0.2 h [mm] 10 νR ν hr [mm] 0.3

Table 1. Standard material and geometrical properties of the unit cell considered

1 INTRODUCTION

Classical studies involving resonator analyses for wave propagation control are mainly done us-
ing the support of discrete systems or homogeneous structures like simple beams [1] or plates
[2]. Under those considerations, wave propagation analyses involving resonant system can lead
to straightforward studies for the stop bands location and width thanks to their relation with the
resonators eigenfrequencies. An approximate equation can also be used to determine the values
of the boundaries of the band gap with a simple 1D discrete resonant system using the proper-
ties of the negative mass effect [3]. However, for inhomogeneous structures like honeycombs, the
resonator and the core of the hosting structure are coupled, meaning that the relation between the
eigenfrequency of the resonator and the location/width of the resonant band gaps no longer exists.
In addition, waves related to the hosting structure are also present and can disturb the system lead-
ing to a loss of efficiency of the resonators. The research shows an example where such a case is
occurring, and a solution to move the resonant stop band from an obstructive wave in order to get
the full efficiency of the resonator in a inhomogeneous 3D hosting structure is suggested.

2 UNIT CELL MODEL AND SIMULATION TOOLS

2.1 Unit Cell model

A re-entrant honeycomb including resonators represented by simple thin plates attached from one
side to the other side of the core is considered as a unit cell in this study. The shape of the unit cell
is shown Fig. 1 and the geometrical and material properties associated are presented table 1. E, ρ
and ν represent respectively the density, the Young Modulus and the Poisson’s ratio of the hosting
structure while Er, ρR and νR relate to the resonators. The finite element model software used to
create the unit cell is ANSYS APDL and the type of elements considered are shell181.

Figure 1. Unit cell and resonator geometrical parameters

2.2 Simulation tools

Floquet-Bloch theorem is applied to the unit cell performing the inverse WFEM for two-dimensional
periodic structures. Floquet boundary conditions linking the sides of the unit cell are written under
the following form :

qR = ejµxqL, qT = ejµyqB (1)
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Segment [O − A] [A−B] [B − C] [C −O]
µx [0, π] π [π, 0] 0
µy 0 [0, π] π [π, 0]

Table 2. Values of µx and µy for the dispersion contour

where qL, qR, qB and qT are the degrees of freedom for left, right, bottom and top side of the
unit cell. µx and µy represent the non dimensional wave numbers in x and y direction respectively.
The computation is done for values corresponding to the Irreducible First Brillouin Zone [O-A-B-
C-O] where the values are referred table 2.

Finite structure analyses are done using a band of several unit cells in the y direction (8
here) in which a modified version of the Transfer Matrix Method inspired by Dazel et al. [4] is
applied to get the frequency response of the periodic structure.

3 RESULTS

Only out-of-plane waves are considered as an interest for stop band investigation in this study. For
that reason, the design of the resonators has been thought in a way that their thickness is higher
in the (x, y) plane than in the (y, z) plane. Doing so, the out-of-plane stiffness is lower than the
in-plane stiffness to encourage the stop band opening for out-of-plane waves in low frequency area.

Fig. 2a shows results using the inverse WFEM while Fig. 2b represents the frequency re-
sponse of the finite structure using a density of ρR = 10ρ. A new unit cell made with a combination
of 8 of the single unit cell in the y direction is built, and the TMM is applied to the new unit cell
created that way by repeating it 25 times in the x direction, equivalent to simulate a finite panel
made of 8 × 25 unit cells. The frequency response is then performed using the TMM applying an
out-of-plane force Fz at one extremity of the structure. A mean of displacement of several nodes
of the structure for the out-of-plane degree of freedom uz is calculated to get the response.

The dispersion curve exhibits that a resonant band gap is created between 2.6 kHz and
3kHz. However, this band gap is obstructed by a wave belonging to the hosting structure, making it
almost not visible on the frequency response. The coupling between the resonators and the hosting
structure on that case makes not trivial to separate the waves since the resonator has an impact on
the hosting structure and vice versa. One of the solution chosen in this paper to move the band
gap in lower frequency is to decrease the out-of-plane thickness of the resonators to reduce their
stiffness while increasing their density. In order to keep the mass constant, the new density ρRn of
the resonators has to be taken in consideration using the following rule :

ρRn = ρR
hR
hRn

(2)

where hRn is the new value of height of the resonator. By tuning the parameters such as
ρRn = 14ρ and hRn = 0.2143, the new dispersion curve and the frequency response are computed
and results are presented Fig. 3 and effectively shows a stop band shift to lower frequencies.

4 CONCLUSION

An example of how can be tuned a resonator in order to get a relevant result for wave propagation
control is shown in this paper. The study also shows the limitation of the finite structure analy-
sis, very useful to get fast frequency response results using the Transfer Matrix Method but not
sufficient enough to detect obstructing structural waves for which the dispersion curve analysis is
necessary.

5 ACKNOWLEDGEMENTS

This project has received funding from the European Union’s Horizon 2020 research and inno-
vation programme under Marie Curie grant agreement No 675441. This work was performed in
cooperation with the EUR EIPHI program (ANR 17-EURE-0002).

3
247



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

Figure 2. Results with ρR = 10ρ using Inverse WFEM (a) and TMM (b)

Figure 3: Results after changing the density and the height of the resonators using Inverse WFEM
(a) and TMM (b)
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ABSTRACT

Circular spinning discs are commonly used in the industry for cutting structures. Next to the me-
chanical instabilities that can occur when critical rotational speeds are applied, investigating the
acoustic sound radiation of these discs is an interesting objective especially when health-related
issues come into play. Since multiple physical effects interact with each other, take the stiffening
effect of Coriolis and centrifugal forces, fluid structure interaction and acoustic short circuits, the
system is complex and analytical solutions are challenging to derive. To investigate these complex
systems, numerical methods are usually used, e.g. the finite element method. Despite the ongoing
development of high-performance computer systems, analyzing industry relevant problems usually
requires significant computational resources. Therefore, simplified theories and methods that yield
reasonable solutions have been developed.
In this paper, the authors investigate the sound radiation of spinning circular discs utilizing a
lumped parameter model. The resulting sound power estimates show that acoustic short circuits
can be analyzed depending on the frequency of interest and the rotational speed. Last but not least,
the question will be answered, whether mode splitting of the forward and backward traveling wave
is audible.

249



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

1 INTRODUCTION

Investigating the sound radiation of vibrating and spinning discs is still a challenging topic due to
various mechanical effects such as Coriolis and centrifugal effects, but also due to acoustic effects,
e.g. acoustic short circuits or source acceleration. Difficulties arise because of the complex mechan-
ical behavior when taking elastic deformation and rotation into account, as well as fluid structure
interaction (FSI) [1] and sound radiation into an exterior domain [2]. Numerous contributions to-
wards the analysis of rotating structures in general [3], circular plates [4–6] and their stability[7],
as well as the associated sound radiation [8–10] have been published. In order to analyze industry
relevant examples, numerical methods have proven to be suitable tools, especially the finite element
method (FEM). Despite the continuously evolving computer technologies, simplified models have
been developed in order to efficiently compute the sound radiation of flat surfaces [11–13].

In this paper, the authors investigate the sound radiation of a vibrating and spinning disc uti-
lizing a lumped parameter model (LPM). The results show that acoustic short circuits are captured
and that they are only present for low rotational speeds. Finally, the question, whether the so called
mode splitting is audible, is addressed.

2 NUMERICAL MODEL

For the numerical investigations, a disc with an outer radius of ro = 400 mm, an inner radius of
ri = 30 mm and a thickness of t = 3.5 mm is considered. An adequate FEM model with a suffi-
ciently fine mesh consisting of quadratic hexahedral 3D elements was created in Abaqus 6.14. [14].
Following the outlines of Klaerner et al. [12], the LPM was implemented in Python as a post pro-
cessing routine utilizing NumPy and SciPy libraries. It must be noted that the surface normal
velocity was homogenized for each surface element. This simplification is valid as long as the
single elements can be seen as compact with respect to the acoustic wave length. In addition, the
plate is considered as baffled with respect to the acoustic domain.

In the simulations, a harmonic unit force excitation normal to the disc surface acting at the
outer radius ro was applied, while the frequency range of interest was limited between f = 1 Hz
and f = 200 Hz. The position of the force was kept constant with respect to a stationary observer.
Further, a clamped boundary condition was applied to the surface area defined by the inner radius
ri and rbc = 60 mm.

3 RESULTS

In Figure 1, the sound power calculated using the LPM is plotted over the frequency range of
interest for various rotational speeds. It can be seen that for the case where the disc does not
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Figure 1. Sound power levels for varying rotational speeds.

rotate, some resonances occur. These resonances are associated with elastic deformations, where
circular nodal lines are present with respect to the main disc surface. Deformations, where radial

2
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nodal lines are present, develop acoustic short circuits in the low frequency regime and no sound
radiation is recognizable. The associated frequencies are indicated by the gaps in the plotted lines,
where numerical difficulties arise due to the handling of small values. The first plate deformation
with radial nodal lines is found at f = 172 Hz. At this frequency, no acoustic short circuits develop
anymore.

As the rotational speed increases, the stiffening effect of the centrifugal forces can be no-
ticed as the resonance peaks shift to higher frequencies. Further, mode splitting is present for the
resonance around f = 172 Hz. Looking at the results for Ω = 50 s−1, one notices that the two split
peaks appear at f = 157 Hz and f = 181 Hz. Interestingly, as the rotational speed increases up to
Ω = 200 s−1, additional resonances occur. The authors believe that this is due to the high rotational
speed preventing acoustic short circuits from developing, even in the low frequency range.

Φ

(a) Definition of angle Φ
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(b) Magnitude of sound pressure

Figure 2: Sound radiation at different angular coordinates for Ω = 25 s−1 in a distance of z = 1.5 m.

As a final step, the authors want to address the question, whether the mode splitting is
audible or not. To answer the question, the sound pressure was calculated at a distance of z = 1.5 m.
See Figure 2(a) for a definition of the angle Φ. Three different angles from the z-axis for a rotational
speed of Ω = 25 s−1 are calculated. As depicted in Figure 2(b), it can be seen that mode splitting is
audible. Only at the vicinity of the rotational axis, the two resonances vanish.

4 CONCLUDING REMARKS

As a conclusion, the authors emphasize the following outcomes. It is a valid approach to utilize the
LPM as a simplified tool for investigating the sound radiation of spinning discs. Further, it is seen
that acoustic short circuits are present on the disc surface for small rotational speeds but vanish
as the speed increases. Last but not least, mode splitting is audible but not in the vicinity of the
rotational axis.
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1 INTRODUCTION 

Vehicle water wading test is a standard test procedure in automotive development process. 
Within this procedure the vehicle traverses through water in specific test facilities, at different 
speeds and with various water depths. This set of tests are designed to put the vehicle under high 
load conditions and check for part failures, mainly on the underbody. 

The most typical failure on underbody parts under such conditions is a combination of “pull-
out” and “shear-through” failure modes, the latter meaning respectively out-of-plane and in plane 
breaking of the material.   

Due to limited test data acquisition (normally failure or no failure) and lack of simulation 
capabilities in this field, the failure of parts is detected in a late state of the development process, 
which leads to expensive redesigns and time delay.  
 

 

 
Figure 1: Typical under engine shields failure modes during water wading tests 

 
Typically a total/average load on the part was used to calculate maximum stresses and deformation 

which often led to over-engineered solutions that compromise the use of light-weight materials. 

 

2 METHODOLOGY  

With the increasing need to understand and identify part failure in a wading test, Autoneum has 

developed a multiphase Computational Fluid Dynamics (CFD) simulation tool in StarCCM+ in order 

to predict the loads on the under body panels. The loads are represented as surface pressures, where 

stresses and displacements are calculated using the structural simulation tools provided from Altair, 

such as OptiStruct. This methodology is validated using force and displacement sensor data acquired 

by physical testing in a real world water wading test campaign realized in collaboration with a 

European OEM. 

2.1 CFD Simulation 

The water wading process is simulated using a transient CFD simulation. Simulating the full car in a 

transient manner allows for an accurate representation of the impact load in order to define the critical 

load case. The CFD simulation was carried out using Siemens StarCCM+ [1]. 

The motion of the car was modelled using the overset methodology which allows a body to 

move on a background mesh domain without the need to re-mesh between time steps. This powerful 

tool reduces the simulation time significantly. The multiphase interaction is modelled using the 

volume of fluid (VOF) methodology. This Eulerian methodology models the two phases by locating 

the free surface. Unsteady RANS equations are solved in each fluid domain.  
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CFD simulation provides insight on the water wading test allowing a definition of the critical 

load cases and produces the pressure maps for the structural simulation and optimization. The 

simulations were based on the generic DrivAer car model [3] which is a fusion of two typical medium 

class vehicles (Audi A4 and BMW 3 Series). 

 

The water wading test channel dimensions were chosen to have the following dimensions: 

 Width: 3.5 m, Ramp length: 15 m 

 Ramp inclination: 3 °  

 Water height: 400 mm 

 Vehicle speed: 10 kph 

 

 

2.2 Structural Simulation 

From the CFD simulation one or several pressure maps, depending on the loading history, can be 

extracted and fed into a Finite Elements based structural solver to compute stress and deflection. 

Topographical optimizations are traditionally used for optimizing geometrical stiffness, such as 

adding beads. With the use of topological optimization, it is also possible to identify the optimal 

fixation point position. Having a design volume of solid elements between the part and boundary 

conditions (BIW), the solver is reducing the element density where material is not needed. This can 

be represented as a geometrical result to visualize where a connection between the part and BIW is 

most needed in order to achieve the highest stiffness. These results are then used to quantify increased 

part performance by comparing with the original part design. 

 

Figure 4: Wading basin with dimensions 

Figure 2: Volume of Fluid Visualisation 
Figure 3: Volume of Fluid Methodology Scheme 

(volume fraction of fluid) [2] 
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Figure 5: Initial optimization results with alternative design space (blue) 

 

3 RESULTS 

Initial simulations show that, with this method, it is possible to achieve a significant increased 

part performance by repositioning the fixation points. 

Depending on the allowed design volume, it is possible to tune the output results from the 

optimization to better suit the application. For instance, on a typical underbody part, many restrictions 

on where fixation points are allowed must be taken into account. This is highly dependent on the 

vehicle body in white (BIW) structure design. A design change on the BIW is in most cases not 

feasible due to cost and complexity of such change on a vehicle program. 

4 OUTLOOK 

Correlation of the loads in test and simulation is not trivial. Variables such as vehicle speed during 

wading, exact vehicle position (pitch) and alignment to the wading channel are not fully controllable 

during the test. A sensitivity analysis with respect to this factors where performed, but in general CFD 

loads could be validated on a simpler geometry impacting water in more controlled conditions. 

During the study it was noticed that in some measurement positions the predicted load 

presented a big deviation from the tested ones. To understand the cause of the deviation the occurrence 

of buckling in the part shape was investigated with a dynamic simulation and eventually confirmed. 

This highlights the need for a fully coupled fluid-structure simulation of the test that adapts the fluid 

domain to the current deflected shape of the part. 

The use of meshless method could allow us to exploit a fully coupled Fluid-Structure 

simulation environment. Even though it has to be compared against typical Finite Volume methods 

results, in terms of accuracy and solution time. 
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ABSTRACT 

 

A tiny difference between the normal dimensions and the processing dimensions in the range of 

manufacture tolerance can cause a great change in characteristics of tilting pad journal bearing 

(TPJB). The first order sensitivity index of the static characteristics of a five pad TPJB including 

capacity, power loss and inlet flow using the Fourier Amplitudes Sensitivity Test (FAST) method have 

been analyzed and evaluated for five processing parameters: pad internal radius, shaft radius, pivot 

radius, pivot position and pad angular extent which all these parameters obey the normal distribution 

respectively. The results show that under the given machining precision, the pivot position and pad 

angular extent have no influence on the static characteristics while the pivot radius is relatively 

important than shaft radius for capacity and power loss in which pad internal radius shows non 

important. For inlet flow the shaft radius is most important, pivot radius is important and pad internal 

radius is less important. The solution can be used for the purpose of choosing the reasonable 

machining precision for a TPJB designed for reducing the change between the experienced 

characteristics and that expected. 

1 INTRODUCTION 

In a practical machining process of journal bearing, the inevitable error between the real dimension 

and nominal dimension leads to a variation of performance. These errors come from the tolerance and 

the distribution of studied parameters [1, 2]. As a key part of a mechanical system, bearing 
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performance affect a lot the whole system, thus the importance is self-evident to understand and 

determine which parameters have effect on the bearing characteristics most and which that have no 

effect so that conclusion drawn in bearing studies is robust and stable. So it is necessary to conducting 

a sensitivity analysis (SA). In reference [3,4,5], cylindrical journal bearing, four-lobe journal bearing, 

five-pad journal bearing are studied, authors confirmed that bearing characteristics are affected by 

manufacturing error which must be considered for an accurate prediction. While these three references 

above used a Local SA. 

Over the last decade, Global SA has gained considerable attention among practitioners due to its 

advantages over Local SA [6,7]. Many reviews of Global SA have been published in different fields. 

Methods for conducting a Global SA are developed [8, 9]in which variance-based methods including 

Fourier amplitude Sensitivity Test method [10]and Sobol’ [11] method are widely used.  

For the best of our knowledge, few comprehensive and up-to-date paper studied titling-pad journal 

bearing using Global SA. In this paper, we introduce Global SA to titling-pad journal bearing, in a 

way of quantitative and robustness to identify important processing size affecting static characteristics 

of tilting-pad journal bearing and to determine which one explain most of the model sensitivity. We 

take a model of five-pad journal bearing; conduct a FAST method to study the sensitivity of bearing 

characteristics including capacity, power loss and inlet flow to five studied parameters: pad internal 

radius, shaft radius, pivot radius, pivot position and pad angular extent. 

 

2 TILTING PAD BEARING GEOMETRICAL DESCRIPTION 

Figure 1 show the specific geometrical characteristic of the tilting pad journal bearing. 

 

 

Figure 1 – Geometry of tilting-pad journal bearing 

 

The main parameters that will analyzed with respect to their influence on the bearing performances 

are: 

- e, the excentricity (m), at the center of the figure; 

- d, the bearing diameter; 

- δ, pad’s inclination angle (rad); 

- θ, attitude angle (rad); 

- α, pad extent angle (rad); 

- R, pad internal radius (m); 

- βI, pivot location of pad I (rad) 
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a- capacity 

  
b-  power loss 

 

 
c- inlet flow 

 

Figure 2 - Main results of first order sensitivity index of studied parameters to manufacturing 

tolerance: a- capacity, b-  power loss, c- inlet flow 

3 RESULTS 
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Figure 2-a shows that for capacity, as the eccentricity ratio increasing, the trend of the sensitivity of 

pivot radius remain the same while that of shaft radius shows a decreasing tendency, internal radius 

of pad 3 increases with the eccentricity ratio for each preload. Meantime when different preloads are 

given, the tendency and the order of the sensitivity have no change. Figure 2-b shows that for power 

loss, pivot radius and internal radius of pad 3increasewith eccentricity ratio, while shaft radius shows 

an opposite tendency for each preload. Similar tendency can be obtained when different preload are 

given. Figure 2-d shows that for inlet flow, pivot radius, shaft radius and internal radius of pad 3 

remain constant with the increase of eccentricity ratio. For different preload, the tendency has no 

change also. 

4 CONCLUSION 

For an effective calculation, geometrical preload and eccentricity ratio should be determined to avoid 

pad unloaded and negative oil film thickness. Under the condition of a given normal distribution of 

five studied parameters, the variation of pivot position and pad angular extent have no influence on 

static characteristics, pivot radius, shaft radius and internal radius of pad3 affect a lot the static 

characteristics, while pivot radius is important relatively. Little change is seen in sensitivity when 

eccentricity ratio increases. Load applied do not change the order of the sensitivity. For obtain a good 

economy, reasonable processing precision should be chosen according to a practical application. 
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ABSTRACT 
 

Turbo-prop aircraft are subjected to significant acoustic loads, mainly generated by the propeller 

blades and the turbulent boundary layer.  

In this paper, the cabin noise is reduced using an optimized combination of active and passive 

technologies. Due to the extension of the analyzed frequency range, and the characteristics of the 

investigated soundproofing methodologies, both Finite Element method (FEM) and Statistical 

Energy Analysis (SEA) have been used to study the global fluid-structure interaction phenomena of 

the whole cabin. The significant difference in computational effort between the different 

methodologies has been exploited to create a stepped optimization; the best lining panel 

configuration, in terms of different performance metrics described in the paper, identified using the 

SEA, has been used as starting point for the tailoring of the FEM-modelled, active technologies.  

The results, in terms of percentual reduction of the noise metrics compared with the variation of the 

total cabin weight, support the claim that, through optimization, improvement of the passengers’ 

comfort can be achieved without reduction of the overall aircraft performances. 
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1 INTRODUCTION 

The soundproofing of a T/P aircraft requires to carefully balance passengers and crew 

comfort with construction requirements as well as installation and operation costs; the current trend 

toward composite airframes, although allowing for lighter, and therefore more fuel-efficient, aircraft, 

represent a significant challenge in terms of internal noise. The higher stiffness and lower 

dampening of the carbon fiber structures improve the transmission of the pressure loads, both in 

terms of high frequency (500 to 10k Hz), Turbulent Boundary Layer (TBL) and lower frequency, 

propeller blades. To reduce the cabin noise multiple, often concurrent, approaches are available, 

each with specific advantages, ranges of efficacy, and requisites. Furthermore, the airframe is 

subjected to tight installation, geometrical, weight and power constraints, that limit the number of 

solutions that can be effectively used. Optimization would allow searching for the solution that 

respects the afore-mentioned constraints while improving internal comfort. However, several key 

enablers are required to pursue this objective: parameterized numerical models able to efficiently 

characterize the response of the airframe to different technologies; accurate descriptions of the 

involved technologies; explicit representations of the constraints; non-ambiguous definition targets; 

algorithms and methodologies to extract and analyse the technologies impact with a limited 

numerical effort. The first element has been achieved developing both a FEM model, suited to 

investigate the active technologies and the tonal frequency range and a SEA model, used for the 

higher part of the spectrum as well as broad-band analyses of lining panels and thermo-acoustic 

blankets. Both models have been parametrized to allow for explicit control of soundproofing-related 

elements, such as lining panels composition and configuration. Secondly, each technology has been 

characterized outside the main model, its feature studied and prepared for the integration. The 

analysis of the airframe clarified the constraints that had to be respected, specifically in terms of 

allowable space and weight. The performed cabin noise optimization is part of the Clean Sky 2 

project CASTLE, which has among its objectives the development of innovative, lighter and more 

environmentally friendly seats, stowage bins and interiors. Improvements achieved in the other 

fields allowed for wider upper weight constraints with respect to the nominal configuration. Due to 

the size of the cabin, the range of the investigated frequencies and the overall target of passenger and 

crew acoustic comfort improvement, the two main metrics used to lead the optimization process 

have been the cabin average noise and the service area maximum noise, both evaluated in A-

weighted format to better represent the human response. Finally, a Process Integration and Design 

Optimization (PIDO) software has been used to wrap the analyses and prepare the with pre- and 

post-processing elements that automatically take care of the models’ customization according to the 

desired soundproofing configuration. The overall objective is to effectively investigate how new 

materials and approaches affect the passengers, identifying critical aspects and highlighting solutions 

of potential interest for more in-deep investigations.   

2 CABIN MODELS DESCRIPTION 

For the SEA analyses, the cylindrical section of the fuselage has been modeled using the software 

VA One. In view to distinguish the SPL along the fuselage at the different stations, necessary to 

evaluate the noise level at various distances from the noise source, the fuselage trunk has been 

divided into several subsections. An isometric view of the SEA fuselage model is shown in the left 

side of Fig. 1, where it can be noted the internal subdivision through the cavities, the different colors 

of the skins (according to material and properties), the application of the external loads and the 

Semi-Infinite Fluids (SIF). For comparison, the corresponding FEM model is illustrated on the right. 

Instead of volumes, the pressure levels have been investigated using two planes of microphones, 

whose height from the cabin floor is equivalent to the passenger’s standing and seated ears position. 
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The nominal passive soundproofing configuration of the cabin exploits fiberglass reinforced, 

laminated, lining panels with Nomex core, and aeronautical glass wool thermoacoustic blankets. 

 

  
Figure 1. Developed SEA (left) and FEM (right) models. 

 

This configuration has been previously optimized for a similar size, aluminum alloy built, T/P 

airframe and has been analyzed and used as a reference to evaluate the changes in terms of weight 

and noise environment properties. Lining and blanket weight have been determined using their 

known (blanket) or estimated (lining) densities, thicknesses, and model-measured total surface. 

Besides, soundproofing is achieved utilizing thermo-acoustic blankets (SEA model only), Dynamic 

Vibration Absorbers (DVA) tuned to counter the first blade frequency and an Active Noise Control 

system (ANC) (both evaluated on the FEM model only). 

3 OPTIMIZATION PROCEDURE 

The optimization has been carried out splitting the analyses into two separated phases with different 

design variables. During the initial one, the SEA model has been used to investigate the higher 

frequencies and determine the lining panel and thermoacoustic blanket configurations able to 

provide a quantifiable noise reduction at the cost of an acceptable total weight increment. Then, the 

most promising configurations have been used as starting points for the FEM model investigation of 

the ANC sources phase and amplitude. Several reasons led to the adoption of this stepped approach, 

both from engineering and mathematical perspectives. A single FEM analysis is significantly more 

expensive in terms of time and computational resources than the SEA one for the same frequency 

and cannot be reasonably used beyond 300 Hz. Furthermore, the blankets and the lining panels have 

a significant impact on the TBL reduction, but are less relevant for the tonal loads, that in turn are 

addressed by the DVAs (whose contribution outside their design frequency is mostly negligible). 

This led to an initial SEA optimization of the passive technologies with geometric and weight 

constraints and a subsequent FEM one of the ANC. Both optimizations have been performed using 

surrogate models of the cabin response developed from the data gathered by running and combining 

several Design of Experiments (DOE). The exploitation of the response models allowed for a 

significant improvement in operational flexibility and time reduction, at the cost of a few additional 

analyses required to validate the results of the identified configurations. 

4 RESULTS 

The optimization of the passive technologies addressed as multi-objective optimization, Fig. 2, 

highlighted that the achievable improvement with respect to the reference configuration had to be 

paid in terms of added weight, as clearly illustrated by the Pareto front. The observed trend to reduce 

the cabin noise as a result of the optimization is to increase the lining panel core thickness, which 

leads to thinner glass fiber layers to preserve the overall panel stiffness (active constraint) and 
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overall lighter lining panels. The saved weight is then dedicated to increasing the thermo-acoustic 

blanket thickness.  

 
Figure 2. Pareto front evaluated from multi-objective minimization of both total soundproofing 

weight variation % (GOAL1) and Passengers OSPL variation % (GOAL2). 

 

The results for the optimizations of the ANC parameters, using fixed actuators positions and free to 

vary phase and amplitude, are summarised in Table 1. Variations have been evaluated with respect 

to the reference configuration. The most significant impact of the ANC is the sharp decrease in cabin 

maximum values, whereas average and crew area effects are limited.  

 

 
Pax Max 

OSPL variation 

Pax Average 

OSPL variation 

Crew Max 

OSPL variation 

Crew Average 

OSPL variation 

Nomex -15.26% -1.26% -0.34% -0.75% 

Metamaterial -14.90% -1.33% -0.13% -0.68% 

Tegracore -15.20% -1.39% -0.72% -0.76% 

 

Table 1. OSPL variations induced by ANC optimization from different lining panels configurations. 

5 CONCLUSIONS 

The performed optimization demonstrates that it is possible to successfully combine staggered, SEA 

and FEM analyses targeted to different spectral ranges and soundproofing technologies to reduce the 

noise in a T/P aircraft, therefore improving the comfort of both crew and passengers. The full paper 

will detail the used models and procedures and debate the full extent of the results. 
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ABSTRACT 
 

This work investigates the dynamic behavior of a periodic one-dimensional longitudinal metamaterial 

characterized by the presence of non-local interactions. Two topological configurations are 

considered for the long-range connections: i) periodic rectangular windows, symmetrically 

distributed along the main axis, and ii) randomly spread connections. These configurations, both 

analytically approached through successive approximations method, produce unconventional 

dispersion relationship and disclose wave stopping phenomenon in the former case and a jagging and 

thickening of the dispersion curve for the latter. 

 

1 INTRODUCTION 

The effects of long-range interactions embedded within a one-dimensional wave-guide have already 

been investigated [1]. The idea behind this work is to provide a further description of the different 

topological configuration non-local connections can perform, so to complete the propagating 

characterization of the obtainable dynamic scenarios. Periodic rectangular windows distributed along 

the length of the wave-guide and connections with random intensity are the two considered schemes. 

Metamaterials enjoy widespread attention due to the unexpected results they produce in many 

applications. In electromagnetics, metamaterials are frequently related to anomalous dissipation and 

diffraction properties of electromagnetic media that lead to negative group velocity, light stopping and 

fast light [2]. In mechanics, metamaterials change the connectivity scheme of a structure and induce 

micropolar, higher-gradient and nonlocal elasticity. In this context, metamaterials are thought as 

conventional elastic materials equipped with long-range interactions, the source of integral 
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contributions in the equation of motion. The effect of these long-range interactions has been 

investigated in [3-5], but only considering specific kernels which provide analytical solutions. In this 

work, analytical solutions are achieved in both cases: i) the dynamics of the configuration of periodic 

rectangular windows, natural extension of [6], is treated through the Fourier Transform, ii) the 

successive iteration method is applied in case of random interactions. Long-range interactions, 

changing the topology of the connections, represent a breakthrough in the conventional concept of 

particle-particle interaction between closest neighbors. When the connection is extended either to one-

to-all particles or to all-to-all particles, the introduced modification becomes source of sophisticated 

propagation behavior, here discussed. 

2 PERIODIC RECTANGULAR WINDOWS 

The system composed by long-range connections, confined in a succession of rectangular windows, 

is shown in Errore. L'origine riferimento non è stata trovata. 

 

 
 

Figure 1. Long-range wave-guide with periodic non-localities. 

 

The dynamics of such structure is described by: 

𝜌
𝜕2𝑢(𝑥, 𝑡)

𝜕𝑡2
− 𝐸

𝜕2𝑢(𝑥, 𝑡)

𝜕𝑥2
− �̃�∫ [𝑢(𝑥) − 𝑢(𝜉)]𝐻(𝑥 − 𝜉)𝑑𝜉

+∞

−∞

= 0 (1) 

Where �̃� resembles the stiffness modulation of the elastic connections, 𝐻(𝑥) indicates the window 

confining the interactions. Setting 𝐿 as the length of the window and 𝑛 the number of windows in case 

of an unbounded wave-guide, the kernel in Equation (1) assumes the form: 

𝐻(𝑥) = {
1, (4𝑛 − 1)𝐿 ≤ 𝑥 ≤ (4𝑛 + 1)𝐿

0, (4𝑛 + 1)𝐿 ≤ 𝑥 ≤ (4𝑛 + 3)𝐿
 (2) 

The dynamic response is first analyzed in terms of dispersion relationship, obtained applying the 

Fourier Transform both in space and time to Equation (1): 

𝜌𝜔2 − 𝐸𝑘2 + 2�̃�𝑁𝐿 −
𝑗�̃�(1 − 𝑒2𝑗𝑘𝐿)

𝑘
∑ 𝑒𝑗(1−2𝑁+4𝑞)𝑘𝐿
𝑁−1

𝑞=0

= 0 (3) 

being 𝑁 the number of considered windows, symmetrically distributed around the midpoint of the 

structure. Eventually, the non-dimensional counterpart of the dispersion relationship is considered: 

Ω2 − 𝐾2 + 2𝑁𝜒 −
𝑗𝜒(1 − 𝑒2𝑗𝐾)

𝐾
∑ 𝑒𝑗(1−2𝑁+4𝑞)𝐾
𝑁−1

𝑞=0

= 0 (4) 

with Ω = 𝜔𝐿√𝜌⁄  𝐾 = 𝑘𝐿 and 𝜒 = 𝐿3�̃�/𝐸. 

Figure 2 compares the trend of the non-dimensional dispersion relationship for three different values 

of 𝑁, i.e. 𝑁 = 1, 𝑁 = 3, 𝑁 = 5, and, for the same values, Figure 3 shows the corresponding group 

velocities. 
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Figure 2. Dispersion curves of long-range wave-guide for different numbers of windows. 

 

 
 

Figure 3. group velocity of long-range wave-guide for different numbers of windows. 

 

It is apparent how the increasing of the number of windows induces a new phenomenon, the 

wave-stopping, absent in case of single interaction area. 

3 RANDOM LONG-RANGE INTERACTIONS 

This configuration considers a periodic elastic wave-guide, shown in Figure 4, in which all particles 

are interacting with each other through long-range connections of random intensity. The associated 

kernel is in the form: 

𝐾(𝑥) = ∑𝐶𝑖cos(�̃�𝑖𝑥)

𝑖

 (5) 

where 𝐶𝑖 are the random coefficients. 

 

 
 

Figure 4. Long-range wave-guide with random non-localities. 

 

The related equation of motion is given by: 

𝜌
𝜕2𝑢(𝑥, 𝑡)

𝜕𝑡2
− 𝐸

𝜕2𝑢(𝑥, 𝑡)

𝜕𝑥2
− 𝜆∑𝐶𝑖

𝑖

∫ (�̃�𝑖(𝑥 − 𝜉)𝑢(𝜉)𝑑𝜉
+∞

−∞

= 0 (6) 
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The solution is obtained by applying the successive iteration method, which considers: 

𝑢0𝑠𝑢𝑐ℎ𝑡ℎ𝑎𝑡𝜌
𝜕2𝑢0(𝑥, 𝑡)

𝜕𝑡2
− 𝐸

𝜕2𝑢0(𝑥, 𝑡)

𝜕𝑥2
= 0

𝑢𝑛𝑠𝑢𝑐ℎ𝑡ℎ𝑎𝑡𝜌
𝜕2𝑢𝑛−1(𝑥, 𝑡)

𝜕𝑡2
− 𝐸

𝜕2𝑢𝑛−1(𝑥, 𝑡)

𝜕𝑥2
− 𝜆∑𝐶𝑖

𝑖

∫ (�̃�𝑖(𝑥 − 𝜉)𝑢𝑛−1(𝜉)𝑑𝜉
+∞

−∞

= 0
 (7) 

Even considering a 3-step iteration strategy only, the solution already unveils some peculiar 

phenomena. Indeed, the related dispersion relationship, shown in Figure 5, with respect to the 

conventional propagation (straight black line), presents a thickening and a jagging behavior, typical 

of in-homogeneous systems. 

 

 
 

Figure 5. dispersion relationship in case of random long-range interactions. 
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ABSTRACT 
 

The purpose of this job is to study the mechanical properties of flax fiber reinforced bio-epoxy 

composites and to explore its feasibility as an external reinforcement for building components. 

Patches of natural flax fabric layer reinforced composites were made by hand lay-up method. DSC 

tests were conducted for the thermal study. The mechanical characterization was performed using 

DMA test. In addition, the durability of the composite underwater immersion was also mentioned. 

The results showed that the durability tests reduce the mechanical properties of the flax/epoxy 

composite. It had also been observed that degradations of the composite can be partly healed after 

initiating the second curing stage due to the two-stage curing of the epoxy system. Both the 

mechanical and durable properties give the possibility of this composite as an external 

strengthening application. 

1 INTRODUCTION 

The failure of materials involved in large infrastructures, such as bridges or roads, may cause a huge 

loss of life, economy or a loss of services [1]. In order to prevent these phenomena, scientists and 

engineers have been working from both theoretical and application fields. An attractive solution to 

upgrade existing infrastructures and increase their life-span is to bond fiber reinforced thermosetting 

composite patches to strengthen the damaged structure and to prevent failure growth. And in doing 

so, understanding the mechanical properties as well as failure mechanism of the bonded 

thermosetting composites is important. Unlike isotropic materials, whose crack growth occurs by 

simple enlargement of the initial defect without branching or directional changes, damage 

mechanism in composite materials are more complex. Initiations and growths of defects occur 

during almost all life of the composite up to final failure which occurs by coalescence of previous 

269

mailto:mingfa.zhang@ec-lyon.fr
mailto:michelle.salvia@ec-lyon.fr,
mailto:olivier.bareille@ec-lyon.fr


MEDYNA 2020  17-19 February 2020, Napoli (Italy) 

 

 

2 

 

damages (cumulative damage). Hence, how to detect the latent cracks in materials and how to fix 

the damaged materials with more cost-effectively ways are research emphasizes. 

              As a non-destructive inspection method, in-situ Structural Health Monitoring (SHM) has 

obtained increasing attention [2]. It implies the use of sensors, such as piezoelectric ceramics (PZT), 

which are embedded within a structural material and provide real-time performance feedback based 

on the measurement, such as electrical impedance. These sensors can be used to monitor the health 

state of thermosetting composites, from their curing process to the propagation of microcracks then 

to the end of their life cycle, which is useful for analysing the fabrication or failure procedure of 

materials. By monitoring the change in the impedance spectrum which is linked to the changes of 

matrix viscoelastic properties as cure progressed, we can understand the different steps of the epoxy 

cure regarding molecular motion, viscosity change, crosslinking density and their consequences on 

the mechanical properties of the material.  

              Compared to the high cost of refabrication, being repaired by the material itself would be 

a better deal. From this point of view, the concept of “self-healing” has become the research hotspot. 

Self-healing is a terminology that mimicked from a “bleeding” biological method, which can be 

described as the ability of a material to repair damages [3]. Many literature has expounded the 

rationale of self-healing: after the appearance of damages or cracks, reactive substances in the 

system are released to the site of injury and fix it to some certain extent. Essentially, the core idea 

about self-healing is the existence of reactive substances, which can polymerize after some 

microcracks appear. Hence, instead of adding new reactive materials into the material, preserving 

the reactants during manufacturing procedures, and trigger another reaction after damage appears 

using external stimulus is another way to fabricate self-healing materials. 

2 MATERIALS AND EXPERIMENTS 

In this work, the resin for fabricating the patch composite is designed for ambient temperature cure. 

Its prepolymer is a low molecular weight “green” epoxy resin that made from bio-based 

epichlorhydrine. The hardener used is Cardolite NX5619, a solvent-free, low viscosity 

phenalkamine curing agent made through the Mannich reaction of cardanol from cashewnuts, 

formaldehyde, and amines. The natural fiber used is flax, a quasi-unidirectional fabric made of 

untwisted rovings. The weft and warp ratio is 9/91 and the areal density is 200 g/m2. The 

manufacturing of the natural fiber reinforced epoxy composite was accomplished by the use of wet 

hand lay-up process (2 plies) at room temperature. 

The DSC analyses of the epoxy resin were carried out with a METTLER DSC822e thermal 

analyzer to measure the glass transition temperature (Tg) and to monitor the curing degree. As for 

the experiment, the prepared resin samples of 5-10 mg were placed in aluminum pans and were 

scanned from -80°C to 300°C with different heating rates 5, 10, 15 and 20°C/min.  

The dynamic mechanical behaviors of epoxy resin samples and flax fibers reinforced bio-epoxy 

composites were analyzed by using a DMA equipment (DHR2, TA Instrument). The experiments 

were performed under tensile-compression mode. Rectangular specimens of 20 × 10 × 3 mm3 were 

prepared for the tests. The testing temperature ranged from -80 °C to 150 °C at a rate of 1 °C/min 

with different frequencies of from 0.1 to 30 Hz. 

The technique used for monitoring in this job was based on the measurement of the electrical 

impedance of a piezoelectric PZT ceramic disc which embedded inside the composite materials as 

its impedance is linked to the characteristics of the surrounding medium, which varies as cure 

progresses. In general, the curing process is the transition that thermosettings change from viscous 

liquid state to infusible cross-linked solid (3D-network). This transformation may involve two main 

transitions: gelation when the viscous liquid prepolymer is transformed into an infusible, insoluble 
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gel or rubber-like material and vitrification, which corresponds to rubber-glass transition. At 

vitrification, the rate of the cure reaction may be reduced due to molecular mobility.  

3 RESULTS AND DISCUSSION 

The typical DSC thermograms of the non-isothermal scan of the whole curing process is shown in 

Fig. 1. It can be observed that there are two broad and relatively independent exothermic peaks, 

which is a characteristic of the dual-curing epoxy crosslinking reaction. By analysing the DSC heat 

flow curves, we can find that the heating rates have little influence on the total reaction heat: 

ΔHtotal = 280 ± 3 J/g. Besides, the gap temperature between two peaks is about 100 degrees, which 

is a quite considerable data for the property of separated curing. The percentage of the second peak 

increases with the increasing heating rates, that is due to the thermal hysteresis of the tested sample 

and it stands out as the quality of the test sample increase.  

 

 
 

Figure 1. the DSC curve of the epoxy resin 

 

Fig.2A shows the DMA results of composite with different curing levels. The specific curves with 

black, red and blue represent the curing conditions of in the fridge, at room temperature and at 90°C. 

With increasing curing temperature, the conversion of degree increases too, given by the evidence 

of higher Tg temperature and lower value of tan delta. The result of aging experiment is given in 

Fig.2B. The specific curve with black color corresponds to the samples that soaked in water for two 

weeks, while the red curves represent the samples that soaked in water for 2 weeks then post-cured 

at 140°C for 24 hours. We can find that the healing process increases the Tg and decreases the tan 

delta. This phenomenon is due to the special dual-curing epoxy resin. 

 

 
 

Figure 2 (A) DMA results of composites with different curing levels and (B) DMA results 

of composites before and after aged 
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The variation of impedance versus time has a sigmoidal shape, as shown in Fig 3. At the very 

beginning, the thermoset mixture is composed of low-molecular pre-polymers. As the reaction 

proceeded, chain extension occurs to produce relatively high molecular weight reaction products 

resulting in an increase in impedance. Gelation which corresponded to the first appearance of an 

infinite cross-linked network may be related to the time at which the first significant increase in 

stiffness. While vitrification is associated with the transition from a rubbery modulus to a glassy 

modulus. Beyond, the impedance continued to increase slowly long after the vitrification: the 

reaction dramatically slows, since the cure mechanism was controlled by the molecular diffusivity, 

but does not come to end. Besides, similarly, the same monitoring process is ongoing for the 

composites tests and the composite failure tests. 

 
 

Figure 3 Normalized impedance vs time during cure at RT of two different plates 

(arrows indicate gelation and vitrification) 
 

4 CONCLUSION 

In our work,  natural fiber reinforced composites were fabricated using a novel two-stage curing 

process. After the first curing of epoxy resin, the excellent mechanical properties of composite are 

endowed. Meanwhile, the potential reactivity of epoxy at elevated temperature is also reserved. 

When the mechanical properties of the material in use decrease to a critical point, the “self-healing 

process” is triggered under temperature increase allowing to recover the materials to some extent, 

avoiding the risk of collapse in the short term before extended repairing. As a result, the conversion 

rate, crosslinking density, glass transition temperature as well as tensile strength of the composite 

can be improved further. Differential scanning calorimetry (DSC), dynamic mechanical analysis 

(DMA) and PZT tests were applied to characterize the feasibility of two-stage curing process, the 

conversion rate, the mechanical strength and the real-time electrical impedance feedback of 

composite respectively.  
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ABSTRACT 
 

Guided wave (GW) Structural Health Monitoring (SHM) allows to assess the health of aerostructures 

thanks to the great sensitivity to delamination and/or debonding appearance. Due to the several 

complexities affecting wave propagation in composites, an efficient GW SHM system requires its 

effective quantification associated to a rigorous statistical evaluation procedure. Probability of 

Detection (POD) approach is a commonly accepted measurement method to quantify NDI results and 

it can be effectively extended to an SHM context. However, it requires a very complex setup 

arrangement and many coupons. When a rigorous correlation with measurements is adopted, Model 

Assisted POD (MAPOD) is an efficient alternative to classic methods. This paper is concerned with 

the identification of small emerging delamination in composite structural components. An ultrasonic 

GW tomography focused to impact damage detection in composite plate-like structures recently 

developed by authors is investigated, getting the bases for a more complex MAPOD analysis. 

Experimental tests carried out on a typical wing composite structure demonstrated the effectiveness 

of modeling approach in order to detect damages with the tomographic algorithm. Environmental 

disturbances, which affect signal waveforms and consequently damage detection, are considered 

simulating a mathematical noise in the modeling stage. A statistical method is used for an effective 

making decision procedure. A Damage Index approach is implemented as metric to interpret the 

signals collected from a distributed sensor network and a subsequent graphic interpolation is carried 

out to reconstruct the damage appearance. A model validation and first reliability assessment results 

are provided, in view of performance system quantification and its optimization as well.  

1 INTRODUCTION 

Failure of aerospace structures can lead to drastic reduction of safety for passengers with a 

catastrophic impact on the flight operator and the manufacturer as well. Although the aircraft design 
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adopting composite materials allows to obtain lighter and more efficient structural components, they 

show really complex damage mechanisms. Hence, it is difficult to fully exploit the potentiality of that 

designed materials, constraining the design phase with the reduction of the allowable stresses.  

Although a great effort has been made in the damage prediction after low velocity impacts [1], an 

active Structural Health Monitoring (SHM) is actually the only way to increase the safety, reducing 

the design constraints and inspection frequency as well. 

In this context ultrasonic guided waves (GWs) appear to be suitable for many SHM 

applications due to the good compromise between sensitivity to damage, extent of the area monitored, 

and time required for inspection. Many approaches and reconstruction algorithms have been validated 

and correctly applied to composite specimens and full-scale components [1]. However, it is quite 

challenging to get to practice the implementation of the SHM approaches because it is difficult to 

quantify the system performances. For that reason, it is important to define the probability of detection 

of the adopted methodology. To achieve the reliability assessment of a prescribed approach, many 

coupons would be necessary in order to vary the damage condition and the inspection parameters. To 

reduce the number of experimentally tested coupons, numerical aiding is strongly demanded in a 

model assisted probability of detection approach [2]. 

 This paper concerns with the model validation of a finite element approach oriented to the 

reliability assessment of a damage detection methodology already developed by the authors. Much 

effort is provided with multiple analysis in order to achieve a reasonable modelling of both 

propagation and damage interaction behavior. The main issue is the feasibility to adopt experimental 

data in order to only assess the modelling stage. Then, the large amount of data required for statistical 

assessment could be extracted from simulated environment with few efforts. The remainder of this 

paper is organized as follows: the methodology for damage detection is explained with its 

peculiarities, highlighting the way to perform the making decision procedure. Several approaches 

available in the context of FE modelling are briefly presented with their peculiarities, justifying the 

given choice. Then, a multiple validation is provided, accounting vibrational as well as damage 

interaction properties revealed during experimentations. Finally, the results obtained until now by 

processing of experimental data and modelling procedure are discussed, in view of the next 

possibilities oriented to reliability assessment of SHM systems within simulated environments. 

2 DAMAGE DETECTION APPROACH 

Lamb wave propagation is used to detect early emerging flaws in composite structures. The pitch 

catch configuration is used for the detection of Lamb waves: the wave is excited and detected in the 

direct line of sight. The converse and direct piezoelectric effects are exploited for excitation and 

detection purposes respectively, by means of a variable voltage input. Circular transducers are 

employed generating omnidirectional waves. The enclosed area is monitored using all possible pairs 

of sensors. Individually activating each transducer, a network of paths gathering information of wave 

field is thus obtained (see [3][2] for further details). Then, through signal processing techniques, 

several wave features can be extracted and used for assessing structural health along such paths. A 

baseline interrogation is performed on the pristine structure storing the undamaged condition of the 

structure. The health monitoring is finally operated via scheduled interrogations tracking any change 

in the dynamic response. A DI formulation is provided for the network paths comparing the current 

response with the baseline reference, as reported in Equation (1) 

BS

BSCS
DI

|| −
=  (1) 

where CS and BS are the representative feature of the signal recorded on the operating structure and 

the pristine structure, respectively. 
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Figure 1. Damage reconstruction network. 

 

To assess the effective network gathering successful information on the damage occurrence a 

statistical decision-making strategy is employed. To this end, the noise is characterized via concurred 

measurements every time the interrogation is scheduled estimating the decision DI via statistical 

analysis. From the intersection points of the selected network (see Figure 1), the damage can be 

identified, located and reconstructed using the detecting procedure proposed in [4]. 

3 MODELLING STRATEGY 

The ABAQUS® Explicit package is used here to solve the dynamic equation of motion, evaluating 

the group velocity of the first antisymmetric Lamb wave mode propagating in laminated composite 

structures. The equivalent single layer approach based on the First Shear Deformation Plate theory 

(FSDT) is used to idealize the structure. To this purpose, the S4R element available in the Abaqus 

explicit library (a 4-node, reduced integration and hourglass control finite element) is adopted, 

allowing to control the shear effects as well. Figure 2 (a) depicts the scheme employed in the simulated 

environment. From the recorded signals, the group velocity of the propagating A0 mode is evaluated 

by means of Short Time Fourier. Figure 2 (b) shows the comparison between numerical results and 

measurements highlighting the reasonable result obtained (maximum percentage error of 5 %). 

 
Figure 2. Overall scheme adopted in the simulation environment for the arrival time correlation (a) 

and group velocity comparison (b). Max percentage error of 5%. 

 

After validating the model for wave propagation in pristine condition, the case of damage interaction 

is addressed by idealizing the damage as a stiffens reduction of the whole section affected by the flaw. 
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The damage indicators are in line with experimental findings and the damage detection is operated by 

the described reconstruction algorithm. Mathematical noise is introduced in the signals to simulate the 

making-decision strategy as well and different damage size are simulated to define the POD. The 

results are reported in figure 3 and demonstrate the reasonable results obtained by model assisted 

reliability assessment. 

 

 
Figure 3. Estimated POD data for the active diagnostic system through simulated hit miss analysis 

(a) and indicative Damage Index Profile evaluated along single path. 

4 CONCLUDING REMARKS 

In the present work a comprehensive analysis of the modelling validation for the reliability assessment 

of a SHM system is presented. In view to investigate a more complex MAPOD analysis to establish 

the system performance, the damage detection system is briefly introduced, mostly addressing the 

reasonable results obtained. The interaction of guided waves A0 mode with through thickness 

delamination carries important information on the damage location. The Finite Element simulations 

carried out adopting FSDT based equivalent single layer approach provide a good understanding of 

the interaction process. Moreover, a good agreement between simulations and experimental results 

has been achieved in terms of wave propagation, wave-defect interaction and damage detection. The 

noise simulation is demonstrated to be a reasonable replication of experimental uncertainties and 

allows to simulate the decision-making procedure as well. The early results show the sensitivity of 

proposed DI respect to the in-plane dimension and depth of damage. Finally, the reliability approach 

opens interesting scenarios in view of the application of a more sophisticated a vs. a MAPOD analysis. 
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ABSTRACT

This work aims at comparing the damping performances of two passive treatments based on piezo-
electric or viscoelastic patches. The motivation for such a comparison stems from the fact that
the two damping treatments have been developed fairly independently, and are rarely compared.
Firstly, the dynamic response of a simply supported metallic plate, equipped with constrained
viscoelastic patches or piezoelectric patches connected to an electrical network, is measured ex-
perimentally. Secondly, a numerical model of the structure is set up and validated to evaluate
the damping performances of both passive treatments under different configurations (for instance
equal-mass and equal-thickness configurations). Finally, with regard to this work, the advantages
and the limitations in using viscoelastic or piezoelectric treatments are discussed.
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1 INTRODUCTION

In the context of noise and vibration mitigation, several damping technologies are proposed in the
literature. Among them, purely passive treatments generally lead to low-cost and robust struc-
tural vibration control. These can be achieved by bonding constrained viscoelastic patches to the
structure or by using piezoelectric patches connected to an electrical network. With piezoelectric
patches, the vibrational energy is transfered to an electric circuit and dissipated in resistive compo-
nents ; while with viscoelastic patches, it is transfered to the viscoelastic layer (undergoing shear
deformations) and is dissipated in the damping material. Resonant piezoelectric shunts are com-
monly tuned to a single mechanical natural frequency to be controlled [1]. However, broadband
vibration reduction can be obtained with multimodal damping, where the structure is coupled to a
multi-resonant electrical network [2]. On the other hand, due to the frequency dependent damping
properties of viscoelastic materials, viscoelastic patches naturally provide broadband damping [3].
The goal of this work is to provide an experimental and a numerical comparison of the damping
performances of constrained viscoelastic layers and passive piezoelectric networks. Comparisons
are carried out on a simply supported metallic plate, equipped with constrained viscoelastic patches
or piezoelectric patches connected to an electrical network. The efficiency of both passive treat-
ments usually depends on the volume of material used, so that the performance is generally limited
by weight and size constraints. Therefore, numerical models of the damped panels are implemented
and validated in order to test the two damping technologies under different configurations, such as
equal-mass and equal thickness configurations.

2 EXPERIMENTAL COMPARISON

The structure under study is an aluminium panel, of dimensions 420× 360× 3 mm3. 42 viscoelas-
tic or piezoelectric patches are periodically distributed on the panel, as indicated in Figure 1. Each
patch is of dimensions 50× 50 mm2.
Viscoelastic patches are composed of a 120 m viscoelastic layer (Smacwrap R©) and a 1.04 mm
composite laminate which acts as a constraining layer. Piezoelectric patches are made of PIC 153
(PI Ceramic) and are 0.5 mm thick. A vacuum bonding technique is used to assemble all the layers.
These damping solutions lead to a 15% added mass for the viscoelastic patches and a 33% added
mass for the piezoelectric patches, not taking into account the mass of the electrical components.
The electrical network that interconnects the piezoelectric patches consists of 42 identical unit cells
made of passive components such as inductors and transformers. Their values and interconnections
are chosen so as to create, in the electrical domain, the analogue of the plate to be controlled [4].
This generates a multi-resonant network whose natural frequencies are tuned to that of the mechan-
ical plate in order to obtain the equivalent of a multimodal tuned mass damper.
Panels are mounted in a specific frame to approximate simply supported boundary conditions [5, 6].
The whole structure is suspended and excited by a shaker, while the structural dynamic response is
measured by a laser vibrometer. The location of the shaker is given by the coordinates x = 0.12
m, y = 0.15 m and z = 0.003 m, and a pseudo-random excitation is generated. The frequency
response of the structure is measured at the excitation point, in the frequency range 0 − 900 Hz,
with a frequency step of 0.156 Hz. Three panels are tested: a bare aluminium panel, an aluminium
panel with viscoelastic patches and an aluminium panel with piezoelectric patches connected to a
multi-resonant network. The measured frequency response functions are plotted in Figure 2. Both
damping treatments induce a drastic reduction of the dynamic response over the whole frequency
range. Multi-resonant piezoelectric damping is more efficient than viscoelastic damping for the
first vibration modes. However, they offer similar damping performances above 400 Hz.

3 NUMERICAL COMPARISON

For practical reasons, the configurations considered for piezoelectric and viscoelastic damping do
not correspond to equal-mass or equal-thickness configurations. In order to compare the two pas-
sive treatments in a more objective manner, numerical models of the damped panels are imple-
mented [2, 7] and experimentally validated.
Weight and dimensions being classical constraints in the design of a damping treatment, two con-
figurations are studied : equal-mass and equal-thickness. To that purpose, the dimensions of the
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Figure 1: Experimental set-up for the panel with viscoelastic patches (a) and the panel with piezo-
electric patches connected to an electrical network (b).

Figure 2: Frequency response functions measured on the bare aluminium panel, the panel with
viscoelastic patches and the panel with piezoelectric patches.
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piezoelectric or the viscoelastic patches have been modified in the numerical models. Results show
that for the equal-mass configuration, the damping performances of the piezoelectric patches are
better than those of the viscoelastic patches below 400 Hz. Above 400 Hz, the inverse tendency is
observed. For the equal-thickness configuration, the piezoelectric solution is identified as the most
efficient damping technique in terms of vibration damping, over the whole frequency range.

4 CONCLUSION

The goal of this work was to compare the damping performances of two passive treatments based on
constrained viscoelastic layers or on piezoelectric patches connected to a multi-resonant electrical
network. To this end, experimental and numerical tests have been carried out on a metallic panel,
equipped with viscoelastic or piezoelectric patches. Numerical models of both panels have been
experimentally validated, which enables the numerical study of two configurations: equal-mass and
equal-thickness configurations.
The main conclusions of this work are :

• The damping performances of piezoelectric networks are generally more advantageous than
those of viscoelastic materials to damped the first vibration modes.

• To damp higher modes of vibrations, the most efficient damping technique depends on the
considered mass and dimension constraints.

The impact of other design constraints, such as cost, integrability or temperature, should be further
investigated for an objective comparison of the damping performances of both passive treatments.
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ABSTRACT 
 

Metastructures are typically composed of periodic unit cells designed to present enhanced dynamic 

properties in which either single or multiple resonators are periodically distributed. Even though the 

periodic metamaterials can obtain outstanding vibration attenuation when compared to the single 

resonator design, the bandgap width can still be narrow for some practical applications. Rainbow 

metamaterial have been proposed based on gradient or random profiles providing further improved 

attenuation. Nonetheless, the effects of correlated random disorder, i.e., spatial correlation on the 

resonator properties, on the attenuation performance remains an open challenge. This work presents 

a numerical investigation on the effects of correlated disorder on the vibration attenuation 

performance in metamaterials. A transfer matrix approach is used to calculate transfer receptance in 

a finite length metastructure composed of evenly spaced non-symmetric resonators attached to a beam 

with Π-shaped cross-section, thus a multi-frequency metastructure. Individual samples of correlated 

random fields are used to show the effects of the correlated disorder in the attenuation performance 

of the metastructure. It is shown that the band gap can be further widened when compared to the 

uncorrelated disorder. These results open new and innovative ways for the design of metastructures. 

1 INTRODUCTION 

Most of the proposed metamaterials are periodic structures in which either single or multiple 

resonators are periodically distributed. Even though the periodic metamaterials can obtain good 
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vibration attenuation within bandgap regions when compared to the traditional single resonator design, 

the width of the bandgap can still be narrow for some practical applications.  

The use of the so-called rainbow metastructure is an interesting concept for achieving broad-band 

wave attenuation. Originally proposed in the context of optical waves [1], this concept has been further 

developed for acoustic [2], ultrasonic [3] and elastic waves [4]. Moreover, Meng et al. [5] have shown 

that optimal spatial distribution of the tuning frequency of each resonator can be further explored for 

different performance criteria in multi-frequency metamaterials, opening new and innovative 

possibilities for metamaterial design. In order to enlarge the bandgap of locally resonant 

metamaterials, a deviation from the typical periodic design, using near-periodic, quasi-periodic or a-

periodic approaches is capable to significantly improving the dynamic performance of metastructures. 

Recently, Celli et al. [6] have shown that random disorder in rainbow metamaterial can provide 

improved wave attenuation when compared to graded configurations. Nonetheless, the effects of 

correlated random disorder, i.e., spatial correlation on the resonator properties, on the bandgap 

widening performance remains unexplored to the best of the authors knowledge, and an open 

challenge to be addressed.  

The aim of this work is to present an investigation of the effects of correlated disorder on the vibration 

attenuation performance in rainbow metamaterials. Section 2 briefly introduces metastructure with 

non-symmetric resonators for rainbow design, based on a previously proposed design [5,7]. Section 3 

presents the correlated disorder model and some numerical results, Finally, section 4 gives some 

concluding remarks. 

2 METAMATERIAL BEAM WITH NON-SYMMETRIC RESONATORS 

In this section, the proposed rainbow metastructure and an analytical model for beam with two non-

symmetric resonators is, shown in  

Figure 1, based  on the design proposed by Meng et al. [7] is briefly presented. The metastructure is 

composed of a total of 17 unit cells, with two non-symmetric cantilever-mass attached acting like local 

resonators, as presented in Figure 1. In the proposed design, each resonator can act independently such 

that it is possible to create two separate band gap regions, thus broadening the total attenuation band. 

 
Figure 1: Schematic representations of the metamaterial beam with non-symmetric resonators at 

each unit cell [7]. 

An analytical model based on transfer matrix approach has been previously proposed and 

experimentally validated [7]. It is assumed a Euler-Bernoulli beam theory for both the baseline host 

structure and the cantilever-mass resonator. Each resonator is modelled as a beam point attached to 

the baseline structure at one end and a lumped mass with negligible inertia at the other. Additionally, 

the periodic plate insertions are modelled as added masses to the Π-shaped beam at the ends of each 

segment. 

For a periodic structure, the transfer matrix 𝐓𝑛 is identical for every segment. Consequently, 

according to the Bloch theorem [8], a wavenumber 𝑘𝑛 can be defined from the propagation constant 

𝜇𝑛 = exp(−𝑖𝑘𝑛𝐿𝑑), for a unit cell of length 𝐿𝑑, which is given from the transfer matrix of the 

periodic metamaterial such that |𝐓𝑛 − 𝜇𝑛𝐈| = 0. However, this assumption does not hold when the 

metastructure is no longer periodic. In this sense, an equivalent wavenumber 𝑘𝑇 can also be defined 

from the propagation constant 𝜇𝑇 = exp(−𝑖𝑘𝑇𝐿) of the finite length 𝐿 metastrucure with spatially 

282



MEDYNA 2020  17-19 February 2020, Napoli (Italy) 

 

 

3 

 

varying properties, i.e. near-periodic, as [7] |𝚵 − 𝜇𝑇𝐈| = 0, where 𝚵 = 𝐓𝑚𝐓𝑚−1. . . 𝐓1. The 

equivalent wavenumber 𝑘𝑇 can be also interpreted as the wavenumber when the finite rainbow 

metamaterial is a periodic unit of an infinite complex beam and it represents the total phase change 

and attenuation of a travelling wave over 𝑚 unit cells. It is used as a tool to understand the wave-like 

behaviour of non-periodic structures. Note that the total phase and attenuation change 𝑘𝑇𝐿, which is 

a complex number for the case of metastructure, is not generally equal to the contribution of the phase 

and attenuation change at each segment in the near periodic metastructure, i.e., 𝑘𝑇𝐿 ≠ ∑ 𝑘𝑛𝐿𝑑
𝑚
𝑛=1 . 

This is because of the additional scattering created due to the differences in neighbouring segments.  

3 NUMERICAL RESULTS 

In this section, a numerical analysis is carried out considering a metastructure produced from 3D 

printing by a powder bed fusion method with Nylon-12 employed to fill the powder bed material and 

geometrical properties as described in [7] with a total of 17 unit cells and total beam length 𝐿𝑇 = 257 

mm. The tip mass in both resonators at each unit cell is assumed to have a mean value of 1 g. Note 

that, in this case, the difference in length of the beams produces the differences in the resonance 

frequencies and therefore in the band gaps. The numerical results are presented only the band gap of 

higher frequency. The correlated disorder is introduced in by varying the tip masses of the resonators 

according to 

𝐦1,2 = 𝑚01,2
(𝟏 + 𝜎𝑚𝛏m), (1) 

where 𝑚01,2
 is the nominal values of the resonators tip masses in the periodic design, 𝟏 is a vector 

𝑚 × 1 vector filled with 1 and 𝜎𝑚 controls the level of statistical dispersion of the random vector 𝛏m, 

which represents a discrete Gaussian homogeneous random field, with autocorrelation function given 

by 𝐶(𝜏) = exp(−𝜏/𝑐𝑙), where 𝑐𝑙 is the correlation length, i.e., the level of statistical fluctuation of 

the spatial variability. In other words, this parameter controls the smoothness of the spatial variation, 

given the spatial profile of the tip masses of the resonators along the beam. The uncorrelated disorder 

corresponds to the case in which the correlation length equal zero, i.e., the values of the tip masses are 

statistically independent, giving a white-noise type of spatial profile. For increasing correlation length, 

the spatial variation of masses becomes increasingly smooth, such that for infinitely large correlation 

correspond to a homogeneous profile, thus the periodic design. 

Figure 2(a) presents the amplitude of the transfer receptance around the second band gap frequency 

considering uncorrelated disorder, 𝑐𝑙 = 0.1𝐿 and 𝑐𝑙 = 1𝐿. The three cases are produced a single 

sample of a random field with the same random seeds, such that only the smoothness of the spatial 

profile is affected. Note that the correlated disorder has a clear effect of further widening the band gap 

when compared to the uncorrelated disorder case.  Figure 2(b) presents the imaginary part of 𝑘𝑇𝐿, i.e. 

the attenuation change defined over the length of the metastructure. It has a similar interpretation of 

imaginary part of the wavenumber in periodic structures. Negative values indicate wave attenuation, 

and it clearly shows a similar behaviour in terms of vibration attenuation.  

4 CONCLUDING REMARKS 

In this work, an investigation of the effects of correlated disorder on the vibration attenuation 

performance in rainbow metamaterials is presented. An analytical model based on the transfer matrix 

method of a finite length metastructure is used to calculate the transfer receptance to a point harmonic 

force. The metastructure is composed of evenly spaced non-symmetric resonators attached to a beam 

with Π-shaped cross-section, thus a multi-frequency metastructure. Correlated disorder is introduced 

by varying the tip masses of the resonators according to a single sample of a homogeneous Gaussian 

random field with a given correlation function. Its correlation length is used to vary the correlation 
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level of the disorder. For increasing correlation length, the spatial variation of masses becomes 

increasingly smooth. It is shown in terms of the transfer receptance and total wave attenuation that the 

band gap can be further widened when compared to the uncorrelated disorder. These results open new 

and innovative ways for the design of metastructures 

 

 
 

(a) (b) 

Figure 2: (a) Amplitude of the transfer receptance around the second band gap frequency and 

(b) attenuation change defined over the length of the metastructure, considering uncorrelated 

disorder (grey dashed line), 𝑐𝑙 = 0.1𝐿 (red line) and 𝑐𝑙 = 1𝐿 (blue line). 
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ABSTRACT

This paper presents a semi-analytical approach to investigate the geometrically non-linear free
vibrations of functionally graded beams with discontinuities. The theoretical model is based on
the Euler-Bernoulli beam theory and the Von Kármán geometrical non-linearity assumptions. The
neutral surface approach is developed to reduce the problem examined to that of an equivalent
isotropic homogeneous non-uniform beam. The harmonic motion is assumed in the non-linear
analysis. Hamilton’s Principle is applied to the discretised expressions for the beam total strain
and kinetic energies, so as to obtain a non-linear algebraic system solved using an approximate
explicit method. The numerical results, validated via comparisons with few available results, shows
the effects of crack depth and position on the dynamic behaviour.
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1 INTRODUCTION

The dynamic behaviour of structures made from functionally graded materials has been a topic
of active research over the last few decades, owing to the outstanding properties of this type of
material characterised by the smooth and continuous transition in both compositional profile and
material properties. In this respect, numerous methods, based on analytical, semi-analytical and
numerical techniques, address the problem of functionally graded beam (FGB) vibrations present-
ing discontinuities with different end conditions. The discontinuities in the beam can be caused by
an intermediate support, an attached mass, a transverse edged crack or a step jumps in cross sec-
tion. The purpose of the present work is to investigate the geometrically non-linear free vibrations
of functionally graded non-uniform cracked beams, based on the Euler-Bernoulli beam theory, the
Von Kármán geometrical non-linearity assumptions and the rotational spring crack model. The ma-
terial properties of the FG non-uniform beam examined are assumed to vary according to a power
law distribution along the beam thickness. A homogenisation method based on the neutral surface
approach, used previously in [1], was employed to reduce the problem under consideration to that
of an equivalent isotropic homogeneous non-uniform cracked beam. The closed-form solutions are
employed and solved iteratively using the Newton Raphson algorithm. Afterwards, by expanding
the non-linear multi-cracked beam transverse displacement function as a series of the linear modes
calculated before, the non-linear case was examined. Using the model developed in [2], the modal
functions obtained in the linear analysis have been used as trial functions in the development of
the so-called second formulation, leading to a multimode approach of the non-linear free response
problem. Satisfactory comparison is made with previous analytical results to demonstrate the effec-
tiveness of the proposed procedure considered in the linear case. A quite comprehensive parametric
study was performed by varying the crack position to investigate its effect on the dynamic behaviour
of a FG non-uniform beam.

2 PROBLEM FORMULATION

2.1 Mechanical properties of the FGB

Consider a straight non-uniform rectangular FG Euler-Bernoulli beam containing discontinuities in
the form of cracks and step changes in cross section located at a distance ξn = xn

L
from the left end

and having a geometrical characteristic shown in Figure 1.

1
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Figure 1: Physical model of the FG non-uniform cracked beam.

The present work formulation based on the neutral surface approach, by considering the change of
variable z = z + δ since the neutral plane does not coincide with the middle plane in case of the
FGB. The material properties vary smoothly along the thickness direction as follows:

Pn(z ) = (Pcn − Pmn)

(
z + δ

hn
+

1

2

)k
+ Pmn (1)

Where Pm and Pc are the corresponding properties of the metal and ceramic, respectively. k is
the volume fraction of the FG non-uniform beam and δ is the distance separating the two planes
defined by:

δn =

∫ hn
2

−hn
2

zE(z) dz/

∫ hn
2

−hn
2

E(z) dz (2)
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As in [1], the crack is assumed to be perpendicular to the beam surface and remains always open.
Based on the rotational spring model, the bending stiffness Kτ of the cracked section is related to
the flexibility C by [3]:

Cn =

∫ αn

0

72π(1− ν2)αnf
2
(
k, α

h

)
En(α)h2

n

dαn =
1

Kτn

withEn(α) = (Ecn − Emn )

(
1 − αn − δn

hn

)k

+Emn

(3)
Where αn/hn is the crack depth, f 2

(
k, α

h

)
is called the crack correction function given in [1] and

En(α) is the effective elastic modulus at the crack tip.

2.2 Non-linear vibrations analysis

Taking into account Equation (2) in mind, neglected the axial inertia, the expression of the total
strain energy V of the symmetrical FG non-uniform cracked beam can be written as follows :

V =
N+1∑
n=1

(ES)effn

8L

[∫ ξn

ξn−1

(
∂wn
∂xn

)2
]2

+
N+1∑
n=1

(EI)effn

2

∫ ξn

ξn−1

(
∂2wn
∂x2n

)2

dxn (4)

Equation (4) is effective for replacing the non-uniform FGB problem with an equivalent isotropic
non-uniform beam, where (ES)effn = A11n and (EI)effn = D11n are the effective axial and bending
stiffness, respectively. The kinetic energy T and the strain energy of the crack Vc are given by:

T =
N+1∑
n=1

1

2

∫ ξn

ξn−1

∫ hn
2
−δn

−hn
2
−δn

ρn(z)

(
∂wn
∂t

)2

dxndzn; Vc =
N+1∑
n=1

(EI)2effn

2Kτn

(
∂2wn
∂x2n

)2

xn=xc

(5a,b)

Using the dimensionless formulation, for a general parametric study wn(xn) = hnw
∗
n

(
xn
L

)
, as-

suming harmonic motion and expanding the transverse displacement in the form of a finite series
w∗(x∗, t) = aiw

∗
i (x

∗)sin(ω∗t) in which w∗
i are the FG non-uniform cracked beam linear mode

shapes and by applying Hamilton’s principle, the following set of nonlinear algebraic equations is
obtained:

2ai
(
K∗
ir − ω∗2M∗

ir

)
+ 3aiajakB

∗
ijkr = 0, r=1,2,..,m (6)

Where K∗
ir, M

∗
ir and B∗

ijkr stand for the dimensionless classical rigidity tensor, the mass tensor and
the nonlinear rigidity tensor, respectively defined by:

K∗
ij =

∫ 1

0

∂2w∗
i

∂x∗2
∂2w∗

j

∂x∗2
dx∗ +

Nc∑
c=1

(EI)effn

Kc
τn

∂2w∗
i

∂x∗2

∣∣∣∣
ξ

∂2w∗
j

∂x∗2

∣∣∣∣
ξ

; M∗
ij =

∫ 1

0

w∗
iw

∗
jdx

∗ (7a,b)

B∗
ijkl =

N+1∑
n=1

(ES)effn h
2
n

4 (EI)effn

∫ ξn

ξn−1

∂w∗
in

∂xn

∂w∗
jn

∂xn
dx∗n

∫ ξn

ξn−1

∂w∗
kn

∂xn

∂w∗
ln

∂x
dx∗n (8)

3 NUMERICAL RESULTS AND DISCUSSION

In order to perform and verify the proposed above procedure, the first three modal frequencies of
FGB with three step changes in cross section with Simply Supported end conditions are calculated
in Table 1 after normalisation by β = ωL2

h

√
ρm
Em

using the classical Euler-Bernoulli beam theory
and compared to those obtained by Timoshenko beam theory developed in [4], where the neutral
surface is assumed to be the middle one corresponding to k = 2, α/h = 0.4 located at the middle of
steps in each case, h1 = h3 = 0.1m and h2 = 0.2m. It can be shown that the two theories have the
same trend when the crack depth increases. The FG non-uniform cracked beam under investigation
in Figure 1, has the following material and physical parameters: the top surface of the FGM Ec =
380Gpa, ρc = 3960Kg/m3, the bottom surface of the FGM Ec = 70Gpa, ρm = 2702Kg/m3,
νc = νm = 0.3 and slenderness ratio L/h = 30 with h1 = h3 = 0.01m and h2 = 0.02m. The effect
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Mode intact beam
Single crack

First step Second step
Present [1] Present [1] Present [1]

1 4.354 4.161 3.993 4.053 3.961 4.040
2 15.125 14.338 13.432 13.756 15.074 14.338
3 45.352 42.188 40.715 40.512 36.597 39.079

Table 1: Comparison of natural frequencies of FG non-uniform beam with differently cracked steps.

of crack with depth a/h = 0.3 on the non-linear frequency of S-S FGB with two symmetrical
step changes for k = 2, located in the first scenario at ξ = 1/6 and in the second at ξ = 1/2
corresponding to equally step length is examined and presented in Figure. 2. It can be concluded
from the curves that the beam slightly affected when the crack located at the first step, compared
with crack located at the second step.

Figure 2: Amplitude frequency dependence of FG non-uniform beam in the vicinity of the first
mode for three scenarios.

CONCLUSION

The problem of geometrically non-linear free vibrations of functionally graded non-uniform cracked
beam is investigated in this paper. The main feature of the present contribution is that the non-
linear analysis of the symmetrical FG non-uniform cracked beam can be treated by the proposed
homogenisation procedure based on the neutral surface approach, the numerical techniques and
software developed for non-uniform isotropic cracked beams. Numerical results have been given
to illustrate the effects of the crack parameters on the dynamic behaviour of symmetrical FG non-
uniform beams.
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ABSTRACT 
 

The tires play an important role for an aircraft during taxing on the ground, take-off and landing 

phases. Therefore, knowledge of the tire dynamic behavior and its properties becomes particularly 

crucial in order to be able to satisfy the requirements in terms of stability, comfort, wear and NVH 

performances. In this paper, a physical multibody 3D tire model, called RCH-tire (Research Comfort 

and Handling), allowing to evaluate the shape of the tire dynamic contact patch with local pressure 

and velocity distributions, is presented. The physical RCH-tire model structure is represented by a 

three-dimensional array of interconnected lumped-mass nodes by means of tension and rotational 

spring and damper elements, attached to the rim modelled as a rigid body. The illustrated model 

structure becomes notably suitable to be effectively characterized by means of non-destructive static 

and specifically developed dynamic test procedures presented. 

1 INTRODUCTION 

The tires play a fundamental role for an aircraft during taxing on the ground, take-off and landing 

phases and with the landing gear system have to meet the JAR/FAR (airworthiness authority 

organisation) regulations in order to obtain an airworthiness certificate. 

In this regard, several authors have developed tire models using the FEA approach to simulate the 

aircraft tire-ground interaction [1][2][3], the understanding of tire dynamics, as well as the ability to 

reproduce the tire behaviour in the simulation environment is one of the key factors to pursue in order 

to guarantee the required level of reliability of the overall aircraft system in all the design and 

development phases [4]. 
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Tire behaviour deeply depends on the compound and carcass structural characteristics linked to the 

operating tire conditions, as a function of contact pressure and sliding speed distributions within the 

contact patch, temperature distribution within the tire structure, inflation pressure and road texture. 

The knowledge and the ability to govern the above properties is fundamental since the vehicle stability 

and comfort, and tire wear and NVH performances are deeply affected by the optimum employment 

of tires. 

There is a variety of tire models available in literature whose aim is to reproduce both static and 

dynamic tire characteristics, based on Pacejka formulation, FEA studies and multibody approaches 

[5][6][7][8]. However, the main difficulties linked with the employment of the above tire models 

concern the correct parametrization, this is the reason why the physical multibody 3D tire model, 

called RCH-tire (Research Comfort and Handling) has become a necessity within the UniNa Vehicle 

Dynamics research group. RCH-tire models [9][10]the tire as a three-dimensional array of 

interconnected masses, linked with each other by means of tension and rotational spring and damper 

elements to reproduce the equivalent tread viscoelastic characteristics and to take into account the 

dissipative effect due to the composite matrix, and coupled to the rim, hypothesized rigid by means of 

radial spring and damper non-linear elements. At the current stage, RCH-tire is able to completely 

reproduce the tire normal interaction in both static and dynamic working conditions with the minimum 

number of the equivalent parameters, representing a physical base infrastructure for further coupling 

a brush model within the contact patch to evaluate the tangential interaction phenomena. 

2 MODELLING ASSUMPTIONS 

The assumptions underlying the RCH tire model structure can be summarized as follows: 

- rim is considered rigid and cylindrically shaped interacting with the vehicle motion by means 

of suspension system fastenings and wheel spindle, and has 6 degrees of freedom: three linear 

motions along x,y, z directions and three rotations around the same axis; 

- tire is considered slick and geometrically symmetrical towards the zx longitudinal plane; 

- tire belt properties are differentiated towards the tire meridian yz and parallel zx planes, with 

physical inertial and structural properties assumed to be identical within the same planes. 

Starting from the real tire geometry, the model is meshed in a certain number n of lumped masses 

nodes, interconnected by means of structural elements, whose characteristics deeply depend on their 

position within the real tire structure, as illustrated in the figure 1. Indeed, the colours blue and green 

highlight different inertial and physical properties, characterizing each tire structural zone, assigned 

respectively to sidewall and belt nodes. 

 
Figure 1. Tire node scheme 

Since each tire structure node has 3 DoF, the total number of the RCH-tire model degrees of freedom 

and therefore the length of the state vector is 3n+6.  

3 RCH MODEL 

In order to study the motion that results from the application of a force (or, in general, the application 

of multiple forces) to a particle, it is necessary the kinematics has been properly studied to describe 

quantitatively the forces that act on a particle; to determine the motion that results from the application 

of these forces using postulated laws of physics and to analyse the motion. 
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On each node Pk,j, five kinds of forces are considered [7]: 

𝑅𝑘,𝑗 = 𝐹𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑎𝑙,𝑘 + 𝐹𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒,𝑏 + 𝐹𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 + 𝐹𝑟𝑜𝑎𝑑 + 𝐹𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (1) 

Where:  

- Fstructural,k are the internal force due to deformation of the tire (belt and sidewall) 

- Fstructural,b are the internal force due to dissipation effects within the tire structure 

- Fpressure are the internal forces due to effect of inflation pressure 𝑝𝑖𝑛 

- Froad are the external forces due to the interaction with road pavement (at current 

development step the only external forces due to the interaction with road is the sum of the 

normal reaction to the road profile – the tangential tire-road interaction has not been 

implemented) 

- Fgravity is the gravitational force. 

 

The rigid body, differently from the particles can undergo both translational and rotational motion. 

Consequently, two balance laws, one for translation and another for rotation, are required to specify 

completely the motion of a rigid body. The resultant and the resultant moment of the above forces are 

the terms Rrim̅̅ ̅̅ ̅̅ and Mrim
̅̅ ̅̅ ̅̅ , which can be therefore obtained by the following expressions 

�̅�𝑟𝑖𝑚 = �̅�𝑣𝑒ℎ𝑖𝑐𝑙𝑒 +𝑚𝑟𝑖𝑚𝑔�̅� +∑ �̅�𝑘,𝑗=1 +

𝑛

𝑘=1

∑�̅�𝑘,𝑗=𝑚

𝑛

𝑘=1

 

�̅�𝑟𝑖𝑚 = �̅�𝑣𝑒ℎ𝑖𝑐𝑙𝑒 +∑�̅�𝑘,𝑗=1 × 𝐺𝑃̅̅ ̅̅ 𝑘,𝑗=1 +

𝑛

𝑘=1

∑�̅�𝑘,𝑗=𝑚 × 𝐺𝑃̅̅ ̅̅ 𝑘,𝑗=𝑚

𝑛

𝑘=1

 

(2) 

4 TESTING PROCEDURES 

To properly characterize the RCH-tire in order to employ the model in the entire range of the possible 

tire operating conditions, both static and dynamic characterization testing methodologies have been 

performed on the real tire to find an optimum set of equivalent parameters, able to completely 

represent all the tested conditions. 

The tire static characterization test considers the non-rolling tire, loaded at the wheel spindle. The 

induced lowering is then measured at different values of the inflation pressure, vertical load and 

camber angle to evaluate the radial displacement of the rim centre and the contact patch extension, in 

terms of shape and pressed area. 

The dynamic tire characterization considers the non-rolling tire, subjected to the cycling deformation 

routine at different load values and frequencies. In particular, the energy dissipated by the tire as a 

result of cyclic deformations is called Strain Energy Loss (SEL) and the equivalent cyclic 

deformations occur with a frequency corresponding to the tire rotational speed. The result of each 

routine is a hysteresis cycle, represented in a force vs displacement diagram, for which the area is 

calculated in steady state conditions, considered as an index of the dissipated power, converted in heat.  

5 RESULTS 

5.1 Static characterization 

The results obtained from the RCH-tire model simulation of a static radial test carried out under three 

different load configurations. 

In the steady-state conditions the RCH-tire model behaviour can be compared with the acquired data 

obtained from the static characterization procedure. It is important to highlight that the parameters 

adopted in the analysis (stiffness and damping) are constant. The aim of the first version of the RCH-
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tire model was understand if the RCH-tire multibody approach could be appropriate to describe the 

large deformation of the tire structure even with completely linear elements. 

5.2 Dynamic characterization 

The RCH-tire model results are compared to the acquired one obtained by means of a radial SEL test. 

Despite the completely linear behaviour of all the structural parameters involved, the RCH-tire model 

achieves a good result, reproducing good global trends, as a function both of imposed vertical load 

and of excitation frequency. 

  
Figure 2. Results 

6 CONCLUSION 

In this work a brief description of the physical multibody 3D tire model is reported. To validate the 

model a tire test characterization procedure, both in static and dynamic, has been performed.  

The tyre model is able to obtain the shape of the tire dynamic contact patch with local pressure and 

velocity distributions. A simulation of a normal interaction test on a flat road is reported. The trends 

of the numerical results obtained are presented. Moreover, the model achieves a good result in a radial 

SEL test simulation. 

Further developments could introduce the non-linear structural elements behaviour, function of 

induced strain, internal pressure and finally working temperature, to completely reproduce the tyre 

carcass behaviour and to model the tangential interaction. 
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ABSTRACT

For the analysis of the vibrational response of structures subjected to aerodynamic excitations,
wind tunnel facilities are equipped with ”test bench” structures. Clearly, for the sake of the
measurements’ purity, it is important that the test bench does not transmit part of its vibra-
tional energy to the test structure. For this reason, it is important to define design rules with
which it is possible to project ”smartly” a test bench which ensures an energy transmission
decoupling. This work has been carried out focusing in the high frequency domain (HF), ex-
ploiting the possibility to assume an aerodynamic excitation as the Turbulent Boundary Layer
(TBL) approximated to an Equivalent Rain-on-the-roof excitation. The method invoked here
was based on Statistical Energy Analysis (SEA). For the analysis of vibrational response, a
simplified model was conceived: it is wanted to determine the effective design rules for the
structure and material properties; this means that it is wanted to guarantee the possibility of
different material choices for a test bench project and, at the same time, to ensure a test bench
versatility.
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1 INTRODUCTION

The Turbulent Boundary Layer (TBL) is one of the most relevant sources of vibration and noise
for high speed transport vehicle as automotive, railway, aircraft and spacecraft. The study of
the dynamic behaviour of structures subjected at this aerodynamic load is measured in terms
of vibrational velocity response in a wide frequency band. Wind tunnels facilities thus need
particular test benches which should ensure the correctness of sample panels’ vibroacoustic
measurements. In fact, mechanical impedances mismatch can cause an energy transmission
between test bench and sample panel which can return false data. Therefore, a ”smart” design
of test bench can be a solution for different aspects: guaranty of measurements, smart choice
of material for design test bench considering also the versatility of sample panels. The de-
velopment of these design rules starts considering the vibrational response at high frequencies,
characteristic of airplanes at cruise speed. The Statistical Energy Analysis (SEA) [1–3] has been
used as methodology for the representation and analysis of energy transmission among subsys-
tems of same structure. For what concerning the expression of a TBL excitation, an Equivalent
rain-on-the-roof [4] excitation has been taken into account.

The application of SEA for design rules simplifies considerably the description of the
energy transmission, giving one the opportunity to establish a fast pre-design of material choice
and foresee the energy path among the subsystems. Therefore, an application with SEA on a
simple structural assembly is carried out to outline the first design rules taking into account
isotropic and orthotropic materials to ensure the test bench performances and the versatility of
sample panels which would be mounted on it.

2 DESIGN RULES WITH STATISTICAL ENERGY ANALYSIS

For what concerning the study of energy decoupling among subsystem of a structure, a SEA
model has been created for the study of energy transmission between two subsystems: one
representing a test bench and the other the sample panel, bot described as two plates.

The approximation of a test bench to a simple structure plate has been applied taking
into account the work of Finnveden in [5].

The design rules are developed considering the principle of the conservation of energy
applied to an SEA model, represented in Fig.1.

Figure 1. Representation of a 2-plates system for SEA application.

In fact, considering the power equilibrium (Eq.(1a)) on subsystem a, which can repre-
sent the test panel, it is possible to obtain the relation between the two subsystems vibrational
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responses directly dependent on the ratio of their modal densities and masses.

Pin,a + Pba = Pdiss,a + Pab (1a)
Pba � Pdiss,a + Pab (1b)

〈v2b 〉 �
(
ηa + ηab
ηab

)
nb(ω)

na(ω)

Ma

Mb

〈v2a〉 (1c)

In fig.2, it is showed as example the direct vibrational response gain (in dB) that can be got
working on the subsystems’ effective parameters: just a scale 1:7 for the thickness can deter-
mine almost 17 dB of difference between the two subsystems with characteristics in Table 1.
It is possible to work directly with their effective parameters as Young modulus, density, etc.
when the subsystems are made with simple materials as the isotropic one.

Figure 2: Vibrational response gain (in dB) in function of subsystems’ effective parameters
ratios (Young Modulus, density, thickness).

ρ (kg/m3) E (Pa) ν h (m)
Panel (a) 2700 6.9x109 0.33 1x103

Bench (b) 7820 20x109 0.33 7x103

Table 1: Details for two-plates SEA assembly (subsystem a in aluminium and subsystem b in
steel).

For what concerning materials more complex to describe, as an orthotropic one, a wave
propagation analysis can be necessary to obtain the wavenumbers behaviour at high frequencies,
which are essential for the modal density description. In Table 2, are reported the gain in dB
that ratios of wavenumbers, group velocities and masses with the total velocities gap between
the vibration velocities of two panels: the first one in simple aluminium and the second in
composite (unidirectional fibre) having the same geometry. A wavenumber average over the
directivity angle [6] has been applied to get an equivalent behaviour of the orthotropic panel.
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L〈v2〉 Lk Lcg LM

12.9 dB 6.4 dB 11.3 dB -2.4 dB

Table 2: Vibrational velocity gap in dB between two plates with same geometry, but different
material: plate (a) is in aluminium and plate (b) is in composite unidirectional fibre; the gain in
dB of wavenumber ration, group velocity ratio and mass ratio is reported.

3 CONSIDERATIONS

The structural design rules want to take into account different kind of materials, from the sim-
plest one as the isotropics, to other types more complex as the orthotropic one. An investigation
and categorization has been carried out for different wavenumbers, taking into account the
prevalent wavenumber effect at high frequency for a right performance of the SEA application.
Considering the Equivalent rain on the roof excitation lets one get a valuable approximation
of the TBL effect on a structure; using it in a Statistical Energy analysis allows to define the
right materials for the design of a test bench taking care of the required versatility for different
sample panels study.
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ABSTRACT 
 

In this research, mechanical properties of 3D-printed specimens were studied by tensile test. The 

samples were designed with different filament orientations and raster width, thus verifying the 

parametric influence of mechanical properties and to identify the possible application to the design 

of a 3D-printed damping structure. Dynamic thermomechanical analysis (DMA) test and 

Differential scanning calorimetry (DSC)were carried on as well, in order to obtain a clearer view 

of dynamic response of this printing material and the polymer characters associated to the overall 

mechanical properties. Through the method to implant piezoelectric sensors inside a structure, it is 

possible to monitor real-time response of damage of a structure. Researches have been done to 

identify the preference of parameters and a possible acoustic mode indicating occurrence of 

delamination inside of a 3D-printed structure. 

1 INTRODUCTION 

Additive manufacturing (AM), usually known as 3D printing, has been defined as the process of 

joining materials to make parts from a 3-dimensional model data one layer at a time. The first-of-

all drawback of fused filament fabricating (FFF)technology is the lower mechanical properties 

compared to conventional manufacturing process. The mechanical properties of 3D-printed 

structure depend on the way of layer stacking sequence and orientation. [1] Mechanical 

performance (strength and stiffness) of 3D-printed parts could be improved by adding chopped fiber 

reinforcement into printing process even if void occurrence and fiber/matrix adhesions are all 
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amongst the existing issues in 3D printing of fiber composites.  The introduction of fillers within 

filaments can lead to blockage and wear at nozzle level and then 3D printers are designed for 

specific reinforced resins. Carbon fibers are currently the most commonly used because of their 

abrasiveness and small diameter compared to glass fibers.  Natural fiber is also a possibility because 

their low abrasiveness, but there are no filaments made of natural fiber/TP for commercial printer 

at current time. The 3D printed polymer parts are built up in layers, which results in porosities 

widely observed inside of 3D-printed parts, between the deposit filaments which is actually an 

unavoidable defect.  

Through the use of sensors embedded within a structural material it is possible to monitor real-time 

knowledge of damage (Structural Health) of a structure during its life cycle in its application 

environment, and adjust life prediction strategy. There are a variety of sensors that can be used to 

monitor the health of composite structures such as optical fiber, carbon fiber, piezoelectric ceramics 

or polymers. The technique used in this work is based on the measurement of the electrical 

impedance of piezoelectric ceramic. Piezoelectric materials are widely used sensor because they 

are lightweight, inexpensive, and come in a variety of forms ranging from thin rectangular patches 

to complex shapes. 

2 RESULTS 

2.1 Tensile test 

2.1.1 ABS  

The mechanical behavior of tensile test is quite different among varied raster orientations. For 

ABS0, the orientation of which is collinear with that of tensile force, the strength is much higher 

than ABS45 and ABS90. A reasonable cause of this phenomena is that the connection of interface 

between filaments is much weaker than the strength inside a filament. Observed from the tensile 

curves, the ABS45 and ABS 90 show an evident brittle behavior. The photo from SEM shows that, 

at the surface of crack, the interface is rather smooth without much bonging material from another 

filament. Comparing with injected ABS sample, the 3D-printed samples showed a lack of plasticity, 

even for the ABS0 samples which have similar strength to injected ABS, the strain at failure is 

much lower. Under SEM, not much plastic deformation can be observed at crack of ABS0 and ABS

±45. The higher strain for ABS±45 may come from the re-orientation of filaments when tensile 

load is applied. 

 ABS0 ABS45 ABS90 ABS±45 ABS injection 

E 

(GPa) 
2.35±0.07 2.01±0.04 1.80±0.08 1.92±0.10 1.95±0.17 

Strength 

(MPa) 
33.83±0.46 20.28±0.71 17.76±0.38 25.83±0.25 31.55±1.19 

Strain  2.83±0.07 1.84±0.24 1.74±0.10 6.42±0.76 27.25±11.40 

Table.1. Statistic data of ABS tensile tests 

The mechanical behaviour of tensile test is quite different among varied raster orientations. For 

ABS0, the orientation of which is collinear with that of tensile force, the strength is much higher 

than ABS45 and ABS90. A reasonable cause of this phenomena is that the connection of interface 

between filaments is much weaker than the strength inside a filament. Observed from the tensile 

curves, the ABS45 and ABS 90 show an evident brittle behavior. The photo from SEM shows that, 

at the surface of crack, the interface is rather smooth without much bonding material from another 

filament. Comparing with injected ABS sample, the 3D-printed samples showed a lack of plasticity, 
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even for the ABS0 samples which have similar strength to injected ABS, the strain at failure is 

much lower. Under SEM, not much plastic deformation can be observed at crack of ABS0 and ABS

±45. The higher strain for ABS±45 may come from the re-orientation of filaments when tensile 

load is applied. 

 
Figure.1. Tensile test of 3D-printed ABS specimens 

 

Secondly, a series of porosity is observed between filaments. These porosities are formed with the 

fabrication of 3D-printed material, and theoretically will cause degradation of mechanical 

properties. 

 

 
Figure.2. a) ABS90, b) ABS0, c) ABS±45 

2.1.2 PLA 

The 3D-printing method has a similar influence to the mechanical properties of PLA. The plasticity 

will be reduced, and the ±45 orientation samples show better strength and deformation capacity. 

Photo taken by SEM gives an evidence of plastic deformation of each filament printed and the 

original orientation of filaments was modified by the tensile load. And the nearly non-adhesive 

interface can be also observed in the figure of PLA 090. 

 
Figure.3. Tensile test of 3D-printed PLA specimens 
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Figure.4. a) PLA090, b) PLA±45 

 PLA090 PLA±45 Injected PLA 

E(GPa) 3.20±0.04 3.37±0.05 3.46±0.12 

Strength (MPa) 41.92±0.80 52.80±0.65 54.70±4.04 

Strain 2.68±0.08 3.30±0.12 4.08±0.95 

Table.2. Statistic data of PLA tensile tests 

 

3 CONCLUSIONS 

The tensile tests showed an orientation preference of different applications. In a 3D-printed structure, 

the heavier loaded parts should be studied and then filaments are better ranged following the 

orientation of maximum of deformation and stress. For complicated loading situations, a cross 45 

degrees method will be capable for various challenges. The 90 degrees’ arrangement can be utilised 

as a pre-created defects in order to induce the occurrences of cracks and absorb impact energy. 
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ABSTRACT 
This paper deals with the activities funded in the framework of the European research project Clean 
Sky 2 for airframe platform named ‘CASTLE’, in cooperation between GEVEN and the University 
of Naples Federico II. 
The final focus is the design and the production of a new solution for thermoacoustic insulation 
blankets intended for applications in commercial aviation based on electrospinning, which has been 
recognized as an efficient technique for the fabrication of polymer nanofibers. In this paper, an eco-
friendly water resistant self-extinguishing polyvinylpyrrolidone, acoustically effective at low 
frequencies, was considered to design an insulation blanket. Once the prototypical blanket was 
installed in a fullscale fuselage barrel, the acoustical performance of the manufactured nanofibers 
at various frequencies was measured.  
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INTRODUCTION 

Thermal insulation is used to reduce heat losses from the cabin to the surroundings. These insulation 
layers often play the role in thermal as well as in noise insulation, Figure 1. Requirements for 
insulation in the aircraft are following:  

• Thermal, noise and fire resistance;  
• Low weight;  
• Not electrically conductive;  
• Not causing corrosion of neighboring structures;  
• Must allow inspection of the fuselage structure;  
• Must not absorb large amount of water;  
• Must not have adverse environmental and/or healthy/safety effects during fabrication 

and installation, or in-service use and disposal;  
• Must fulfil requirements of CS23 / FAR23 regulations.  

 

 
 

Figure 1. Example of PVP sample. 
 

The constant increase in passenger traffic and the strong competition present between the various 
airlines to guarantee ever-increasing spaces on the market mean that passenger comfort is one of 
the main parameters to have a significant impact on the commercial success of one or the other 
operator; the attention is therefore maximum, from the early stages of design. Exposure to high 
levels of noise pollution has a decidedly negative influence on the quality of service offered to 
passengers. The design phase therefore has, among the main objectives, the control and reduction 
of noise and vibrations present in the cabin. 
However, the research and development of sound-absorbing solutions cannot ignore the knowledge 
of the main sound sources in the aeronautical field. It is therefore essential, for the definition of an 
adequate solution for the thermo-acoustic insulation of the cabin of a civil transport aircraft, the 
identification of the emission characteristics of the main noise sources, which vary, even 
considerably, depending on the type of aircraft and engines, and their contribution to the total sound 
level perceived on board. In general, as reported in the figure 2 it is possible to distinguish in: 

• external sources (engine noise transmitted by air or through structural vibration, fluid-
structure interaction, structure vibrations). 

• internal sources (air conditioning systems, pressurization systems and associated ducts, 
noise generated by the occupants of the cabin, sound devices). 

The overall noise, which affects passenger comfort, is given by the combined action of the internal 
and external sources; in particular engines and aerodynamic disturbances provide the most 
significant contributions. There are different noise measurement indices, and among them, some of 
the most used to "quantify" the level of acoustic comfort of an aircraft are: 

• Overall Sound Pressure Level (OASPL), expressed in dB and defined by the total sound 
energy logarithm, measured over a wide frequency spectrum, generally between 0 and 
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16 kHz. It is typically used in applications where high frequencies dominate (jet aircraft) 
or characterized by energy values spread over a wide frequency spectrum. 

• dB (A), is the Overall calculated on the spectrum (0-12.5 KHz) to which the "A" 
weighting curve is applied, which takes into account the variation in sensitivity of the 
human ear with frequency; that is, in order for the ear to perceive the same sensation, 
different sound levels are required at different frequencies. In particular, the ear is less 
sensitive to lower frequencies and more others. It is generally used for applications 
where low frequencies are predominant (helical aircraft). 

• SIL (Speech Interference Level) is a measure of acoustic disturbance in speech 
frequencies; in particular the SIL3 is the arithmetic average of the SPL in the Octave 
bands 500, 1K, 2K Hz; SIL4 is the arithmetic average of the SPL in the Octave bands 
500, 1K, 2K, 4K Hz. This parameter is generally used for the characterization of aircraft 
with high internal comfort (Business Jet). 

Typical SPL values measured on transport aircraft equipped with turbofan engines are between 75 
and 80 dB (A), with peaks up to 85 dB (A). The maximum levels of OASPL in the cab tend to reach 
95 dB with external values of 135 dB, while the SIL indicator typically assumes values between 65 
and 70 dB. In the case of propeller aircraft, with piston engines, the stress spectrum is dominated 
by the propeller's tonal characteristics, depending on the number of blades, the propeller actuator 
disk diameter and its minimum distance from the fuselage, with values peak rates of higher SPLs. 
 

 
 

Figure 2. Example of a figure. 

1 ELECTOSPUN MATS 

The silica particles were prepared through Stöber method using tetraethyl orthosilicate (TEOS) as  
as a precursor. TEOS (7 mL) was added to a distilled ethanol (160 mL) water (13.4 mL) and a 
precursor. TEOS (7 mL) was added to a distilled ethanol (160 mL) water (13.4 mL) and ammonium 
hydroxide solution (30–33% NH3 in H2O) (5.38 mL) under stirring. After 2 h the particles were 
recovered by centrifugation (11500 rpm per 10 min) and washed three times with ethanol.  
The scheme of the electrospinning apparatus, shown in Figure 1, consists of a high voltage electric 
source, a syringe pump (Harvard Apparatus (Cambridge, MA, USA), Pump 11 Plus) holding a 12 
mL plastic syringe (Nipro, Osaka, Japan) with a needle (inner diameter of 0.6 mm and average 
length of 4 cm) acting as the cathode and a rigid copper foil collector acting as the anode. 

2 EXPERIMENTAL MATERIALS 

A Noise Reduction test was performed aimed to compare transmission loss characteristics of 
two different layups were investigated, the first one consists of a microlite blanket and an 
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2 Sorgenti di rumore  

A bordo di un velivolo sono presenti numerosi impianti e sistemi il cui funzionamento è fonte di rumore, ed 
ognuno di essi ha un impatto più o meno significativo sul disturbo percepito dai passeggeri, a seconda delle 
differenti caratteristiche dei suoni emessi. La fase di progettazione, deve necessariamente tener conto di 
questa problematica, al fine di rendere la cabina un’ambiente quanto più confortevole possibile. Le 
principali sorgenti esterne di rumore sono senza dubbio il sistema di propulsione (elica e motore alternativo 
o turbina) e l’interazione aerodinamica tra il fluido e la struttura. Il rumore generato da queste fonti è 
trasmesso in cabina principalmente per via aerea ma, un contributo significativo, è dato anche dalla 
propagazione per via strutturale, associata in particolare alla vibrazione dei motori ed alle interazioni tra la 
scia delle eliche e la struttura stessa. Tra le sorgenti interne, il disturbo predominante è quello causato dalla 
circolazione dell’aria attraverso i condotti del sistema di condizionamento, ma i livelli sonori emessi da tali 
fonti, si mantengono inferiori a quelli provenienti dall’esterno. 
 

 

Figura 2.1 Principali sorgenti di rumore in un velivolo turbofan 
  
L’entità e le caratteristiche del disturbo percepito dagli occupanti della cabina, dipendono in gran parte 
dalla tipologia di velivolo e dal sistema di propulsione di cui esso e dotato. Nel caso di velivoli turbofan, il 
rumore generato dai moderni motori non risulta essere particolarmente critico per i passeggeri nella fase di 
crociera, in cui può essere predominante il rumore aerodinamico generato dal getto in uscita dal motore, 
tipicamente a frequenze medio-alte. Nel caso di velivoli con motori a pistoni, le sorgenti di rumore 
predominanti sono le eliche rotanti ed i battiti dei pistoni, che creano carichi sonori periodici sulla fusoliera 
a basse frequenze. 
 

2.1 Rumore generato dai motori a pistoni 

L’ elemento di propulsione utilizzato in questa tipologia di motore è l’elica. Tale sistema genera un flusso 
d’aria di grande portata, producendo un’elevata spinta a velocità di avanzamento contenute, rendendo 
massima l’efficienza. All’aumentare della velocità, l’efficienza tende a ridursi, fino al raggiungimento di un 
valore critico del numero di Mach, per il quale, in un punto della superficie della pala, si raggiunge la 
condizione di M=1. Questo tipo di propulsore trova quindi larga diffusione per velivoli operanti a velocità 
medio/basse, tipicamente per trasporto su tratte brevi, a basse quote operative.  
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honeycomb panel and the other one of a PVP blanket, coupled with the same honeycomb panel. 
The adopted solutions allow us to investigate the different behaviour of the core. 
Outside of the 4 meters long A321 aircraft fuselage barrel an active loudspeaker was placed, 
able to reproduce pink noise. A ½” microphone was placed close to the external skin fo the 
barrel, whereas two ½” microphones ware installed in the aircraft cabin. 

 
Figure 4. Example of pressure distribution map 

 

Figure 5. Schematic setup  
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ABSTRACT

This paper explores periodic vibration-based energy harvesting (EH) in a delayed harvester de-
vice consisting of a delayed nonlinear oscillator subject to galloping excitation and coupled to an
electric circuit through a piezoelectric coupling mechanism. It is assumed that the delay ampli-
tude is modulated such that the frequency of the modulation is near twice the natural frequency of
the oscillator. Application of the method of multiple scales gives approximation of the amplitude
of periodic vibrations and the corresponding power extracted from the harvester device. Results
show that the presence of modulated delay amplitude in the mechanical component increases sig-
nificantly the amplitude of vibrations and the output power in a certain range of the wind speed.
Numerical simulation is conducted to support the analytical predictions.
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1 INTRODUCTION

Vibration-based EH in a delayed oscillator with time-periodic delay amplitude has been amply
investigated. In [1] it was reported that in a delayed van der Pol oscillator with modulated delay
amplitude coupled to an electromagnetic energy harvester, quasi-periodic (QP) vibrations can be
exploited to scavenge energy in broadband of parameters with good performance. The time delay
was introduced in the mechanical subsystem. The case where the time delay is introduced in both
mechanical component and electrical circuit was studied in [2]. Recently, it was reported that
in a delayed Duffing oscillator, the modulation of the delay amplitude near the delay parametric
resonance gives rise to large-amplitude QP vibration which is exploited to extract energy with
better performance comparing to the periodic output power [3].

Yet, in certain harvester systems under aerodynamic and base excitations, it was shown that
QP vibrations cause a substantial reduction in the harvested power [4, 5] beyond the flutter speed
and then extracting energy from such systems should be avoided in the QP regime. Nevertheless,
it was demonstrated that in the presence of time delay, QP vibrations can have a beneficial effect
and can be exploited in EH [1–3]. Taking advantages of the time delay effect in EH, the present
work studies vibration-based periodic EH in a nonlinear delayed electromechanical harvester de-
vice in cross flow. The system consists of a bluff body of mass m subjected to a periodic excitation
and coupled to an electrical circuit through a piezoelectric mechanism as shown in the shematic
presenred in Fig. 1.

Figure 1. Schematic description of the EH system

It is assumed that the delay is present in the mechanical component of the harvester such
that the dimensionless governing equations for the system can be written as

ẍ(t) + µx(t) + ξ1ẋ(t) + ξ3ẋ(t)
3 + γx(t)3 − κv(t) = λ(t)x(t− τ) (1)

v̇(t) + αv(t) + ẋ(t) = 0 (2)
where x(t) is the transverse displacement of the mass m and v(t) is the voltage across the load
resistance. The coefficients ξ1, ξ3 are, the mechanical damping components, µ the naturel frequency
of the harvester, γ the stiffness, κ the piezoelectric coupling term in the mechanical attachment, and
α the reciprocal of the time constant of the electrical circuit. The parameter λ(t) is the feedback
gain and τ is the time delay. It is supposed that the delay amplitude λ(t) is modulated with a certain
frequency such that

λ(t) = λ1 cos(ωt) (3)
where λ1, ω are, respectively, the amplitude and the frequency of the modulation. The coefficients
ξ1, ξ3 in (1) are defined by

ξ1 = 2[ξm −ma1U ], ξ3 =
2ma3
U

(4)

where ξm is the mechanical damping ratio, m is the flow to harvester mass ratio, U is the reduced
wind speed and the coefficients a1 and a3 account for the different geometries and aspect ratios of
the bluff body. The present work can be considered as an extension of the results given in [6] in
which only the undelayed case was considered.

2
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2 MAIN RESULTS

Here the response of the system is investigated near the delay parametric resonance for which the
frequency of the delay modulation is near twice the natural frequency of the oscillator. Using the
multiple scales method [7], approximation of the periodic response is obtained and used to extract
energy from the harvester device.
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Figure 2: Vibration and power amplitudes vs U . Black lines for the delayed case (λ1 = 0.3,
ω = 2.1, τ = 2π.) and grey lines for the undelayed case [6].

Figure 2 shown the variation of the amplitudes of periodic response (Fig. 2a) as well as
the maximum output power amplitudes (Fig. 2b) versus the reduced wind speed U for λ1 = 0
(undelayed case, grey lines) [6] and for λ1 = 0.3, ω = 2.1, τ = 2π (delayed case, black lines).
The analytical prediction are compared to numerical simulation (circles) obtained by using dde23
algorithm [8] for the delayed system and by using the method of Runge-Kutta of order 4 for the
undelayed one. It can be observed from Fig. 2 that in the presence of a modulated delay amplitude
in the mechanical component causes a significant increase of vibrations and the output power in a
certain range of the reduced wind speed U (Fig. 2, black lines).
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Figure 3: (a) Stability chart in the plane (λ1, τ), (b) time and power histories corresponding to
different regions picked from (a). SP: stable periodic, SQP: stable QP; ω = 2.1, U = 8, µ = 1.175,
γ = 0.024, κ = 10−2, m = 6.83.10−4, ξm = 3.10−3, a1 = 2.5 and a3 = 130.

To guarantee the robustness of the vibrations during energy extraction operation, the stabil-
ity chart is presented in Fig. 3a in the parameter plane (λ1, τ ) for ω = 2 indicating the white regions
corresponding to stable periodic (SP) solutions and the grey one where stable QP (SQP) solutions
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take place. In Fig. 3b are shown time histories and the corresponding output power responses
related to crosses labelled 1, 2, 3 in Fig. 3a. From cross 1 or 3 to cross 2 the response bifurcates
from SP to SQP oscillations via secondary Hopf bifurcation producing a decrease of the amplitude
response and the corresponding output power at cross 2.

3 CONCLUDING REMARKS

Periodic vibration-based EH has been investigated in a delayed nonlinear oscillator subject to gal-
loping excitation and coupled to an electric circuit through a piezoelectric mechanism in the case
where the delay amplitude is modulated with a frequency in the vicinity of the delay parametric
resonance. Application of the method of multiple scales enables the approximation of the ampli-
tudes of vibration and the output power. It is shown that the modulation of the delay amplitude
near the delay parametric resonance produces a significant increase in the amplitude of vibrations
producing power with better performance.

REFERENCES

[1] M. Belhaq, M. Hamdi, Energy harversting from quasi-periodic vibrations. Nonlinear Dynam-
ics, 86, 2193-2205, (2016).

[2] Z. Ghouli, M. Hamdi, M. Belhaq, Energy harvesting from quasi-periodic vibrations using
electromagnetic coupling with delay. Nonlinear Dyn, 89, 1625-1636, (2017).

[3] Z. Ghouli, M. Hamdi, M. Belhaq, Energy Harvesting in a Duffing Oscillator with Modulated
Delay Amplitude. I. Kovacic, S. Lenci (eds) IUTAM Symposium on Exploiting Nonlinear
Dynamics for Engineering Systems. ENOLIDES 2018. IUTAM Bookseries, 37, Springer,
Cham, (2020).

[4] A. Abdelkefi, A.H. Nayfeh, M.R. Hajj, Design of piezoaeroelastic energy harvesters. Nonlin-
ear Dynamics, 68, 519-530, (2012).

[5] A. Bibo, M.F. Daqaq, Energy harvesting under combined aerodynamic and base excitations.
Journal of Sound and Vibration, 332, 5086-5102, (2013).

[6] A. Bibo, A.H. Alhadidi, M.F. Daqaq, Exploiting a nonlinear restoring force to improve the
performance of flow energy harvesters. Journal of Applied Physics, 117, 045103 (2015).

[7] A.H. Nayfeh, D.T. Mook, Nonlinear Oscillations. Wiley, New York (1979).

[8] L.F. Shampine, S. Thompson, Solving delay differential equations with dde23. PDF available
on-line at http: //www.radford.edu/∼ thompson/webddes/tutorial.pdf (2000).

4
308



MEDYNA 2020: 3rd Euro-Mediterranean Conference on Structural Dynamics and Vibroacoustics
17-19 February 2020, Napoli (Italy)

SIMULATION OF THE TBL INDUCED VIBRATIONS OF A
PLATE USING VIRTUAL SOURCES

A. Pouye1,2 , L. Maxit1, C. Maury2 and M. Pachebat2

1Laboratoire Vibrations-Acoustique
INSA de Lyon, Lyon, FRANCE

Email: augustin.pouye@insa-lyon.fr, laurent.maxit@insa-lyon.fr
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ABSTRACT

Finding an alternative to common test means (reverberant chamber, wind tunnel facilities, in-situ
measurements, etc.) is of particular interest to the transportation industry (automobile, aeronau-
tics, etc.) for the reproduction of the vibroacoustic response of structures under random excitations
such as the diffuse acoustic field or the turbulent boundary layer. In this paper a method of achiev-
ing this goal using a single acoustic source and the synthetic array principle is proposed. To assess
the validity of this method, an academic case study consisting of a simply supported thin aluminum
plate under turbulent boundary layer excitation is presented. The vibroacoustic response of the
plate is determined with the proposed process and compared to results from random vibration the-
ory and direct measurements in an anechoic wind tunnel facility. This comparison shows good
agreement between the proposed approach and both the theoretical and wind tunnel results.
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1 INTRODUCTION

The experimental characterization of structures under random excitations such as the diffuse acous-
tic field (DAF) and the turbulent boundary layer (TBL) is of great interest to the transportation
industry. However, the test facilities used (reverberant chamber for the DAF and anechoic wind
tunnel/in-situ tests for the TBL) can sometimes be complex and costly. Moreover, the results ob-
tained for a given structure can be very different from one facility to another even though the same
setup is implemented. In this paper an alternative method is proposed and aims at simulating the
vibroacoustic response of structures under these random excitations independently of the environ-
ment. This paper is organized as follows: first the proposed approach is briefly described. Secondly,
the theoretical background on the vibroacoustic response of a simple structure under random exci-
tation is given. Finally, some results are presented.

2 PROPOSED APPROACH

The experimental reproduction of the TBL induced vibrations using an array of acoustic sources has
been theoretically shown some decades ago. But due to technical limitations, this method could not
be experimentally validated back then. Since 2000, many researchers have addressed this problem
using various approaches. Maury, Bravo, Elliott and Gardonio [1–4] have widely discussed the
reproduction of a TBL excitation using an array of loudspeakers. This method works well when
it comes to the reproduction of a DAF excitation but due to the limited number of sources in the
array, it fails to simulate the wall-pressure fluctuations of a subsonic TBL excitation because of the
high wavenumbers involved. In order to circumvent this limitation, a denser array of sources must
be used. This is achieved by relying on the synthetic array principle which describes the effects of
a full array of sources as the sum of the effects of each source. A single acoustic source is spatially
displaced to different positions thereby virtually creating an array of sources.

Lx

Ly

x
y

z

Gsp
p

s

microphone array

source array

active source

(a) Measurement of Gsp

Lx

Ly

x
y

z

baffle

plate

x

Hv/s

(b) Measurement of Hv/s

Figure 1. Problem geometry and parameters.

The proposed approach is based on the mathematical formulation of the problem in the wavenumber
domain. This formulation is used because it allows an explicit separation of the contributions
of the excitation via the wall-pressure cross-spectrum density (CSD) function from those of the
vibroacoustic behavior of the structure via the sensitivity functions. Given a target pressure field
p (k, ω) consisting of wall-pressure plane waves of wave-vector k = (kx, ky), there are three main
steps for the reproduction of this target pressure field using the synthetic array principle:

1. Characterization of the acoustic source: measurement of the transfer functions (Gsp) between
source positions s and observation points p on the plate (microphones), see Figure 1a.

2. Computation of the source amplitudes Qs at each position by inversing the equation below:∑
s

Qs (k, ω)Gsp (ω) = p (k, ω) (1)

2 310



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

3. Synthesis of the target pressure field on the plate surface by adding up the effects of the source
at each position and simulation of the vibroacoustic response in a post-processing step.

3 SIMULATION OF THE TBL INDUCED VIBRATIONS OF A PLATE

3.1 Principle

Let us consider a simple test case consisting of a baffled and simply supported aluminum plate
with the following dimensions: 480 × 420 × 3 mm3. The auto-spectrum density function of the
flexural velocity response noted Svv (x, ω) at some point x of the plate under random excitation is
approximately given in the wavenumber domain by the following equation [5]:

Svv (x, ω) =
1

4π2

∑
k∈Ωk

|Hv (x,k, ω)|2 Spp (k, ω) δk (2)

Hv (x,k, ω) is the sensitivity function which corresponds to the vibration response of the structure
to a wall-pressure plane wave of wave-vector k and Spp (k, ω) is the pressure CSD function that
describes the excitation.

Figure 2: Squared value of the sensitivity function |Hv (x,k, ω)|2 (dB, ref. : 1 m2 s−2) along kx
(for ky = 0). Flexural wavenumber kf (dashed line), acoustic wavenumber k0 (continuous line).

Assuming that Spp (k, ω) is known, only the experimental measurement of the sensitivity functions
of the structure is required in order to determine the response of the structure to the considered
excitation by post-processing. The sensitivity functions of the structure are determined as follows:
first the transfer functions between the different source positions and a point x of the plate are mea-
sured. This transfer function between one source position s and the point x is denoted Hv/s (x, ω),
see Figure 1b. Second, after the source amplitudesQs have been determined at each source position
using Equation (1) which is solved in the least squares sense with p (k, ω) = e−jkx, the sensitivity
functions are computed with the following equation:

Hv (x,k, ω) =
∑
s

Qs (k, ω)Hv/s (x, ω) (3)

3.2 Results

Figure 2 shows a comparison between the theoretical and experimental sensitivity functions. The
source used for the experiment was only efficient from approximately 300 Hz to 7000 Hz: this
is the reason the experimental sensitivity function do not exactly match the theoretical one below
300 Hz. Outside that frequency range and for the considered wavenumber domain, the results are in
good agreement: the modal frequencies of the plate can be located around the flexural wavenumber
where the response of the plate is maximum.
In Figure 3, the vibration response of the plate to a TBL excitation determined from vibration
theory, anechoic wind tunnel measurements and the proposed approach are compared. The TBL
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excitation parameters are taken from a previous paper [5]. In this study, the CSD function of the
wall-pressure fluctuations was measured in the spatial-frequency domain and the parameters were
adjusted to the TBL model of Mellen, the free stream velocity of the TBL was set at 20 m s−1.

Figure 3. Vibration response of the plate at point x = (0.06 m, 0.3 m).

As one can observe in Figure 3, the vibration response determined with the proposed approach does
not match those obtained from the theory and the wind tunnel measurements under 300 Hz: this
is due the fact that the source is not efficient in that frequency range as stated before. The vertical
offsets that can be observed at some frequencies are due to the fact that for the theoretical and
proposed approach cases, the modal damping of the plate is taken constant in the entire frequency
range. As for the horizontal offset, it is certainly due to the difference of boundary conditions
between the theory, where the boundary conditions are perfect, and the experimentations, where
they are not and differ from one setup to another. Overall, the three results are in good agreement.

4 CONCLUSION

The results obtained with the proposed approach for the simulation of the TBL induced vibrations
of a simple were compared to analytical results and those determined from anechoic wind tunnel
measurements. This comparison shows good agreement and that the proposed method is promising.

ACKNOWLEDGMENTS

This work was funded by the French National Research Agency (VIRTECH project, ANR-17-
CE10-0012).

REFERENCES

[1] C. Maury, S. J. Elliott, and P. Gardonio. Turbulent Boundary-Layer Simulation with an Array
of Loudspeakers. AIAA Journal, pages 706–713, 2004.

[2] S. J. Elliott, C. Maury, and P. Gardonio. The synthesis of spatially correlated random pressure
fields. The Journal of the Acoustical Society of America, pages 1186–1201, March 2005.

[3] T. Bravo and C. Maury. The experimental synthesis of random pressure fields: Methodology.
The Journal of the Acoustical Society of America, pages 2702–2711, October 2006.

[4] C. Maury and T. Bravo. The experimental synthesis of random pressure fields: Practical feasi-
bility. The Journal of the Acoustical Society of America, pages 2712–2723, October 2006.

[5] C. Marchetto, L. Maxit, O. Robin, and A. Berry. Experimental prediction of the vibration
response of panels under a turbulent boundary layer excitation from sensitivity functions. The
Journal of the Acoustical Society of America, pages 2954–2964, 2018.

4 312



MEDYNA 2020: 3
rd
 Euro-Mediterranean Conference on Structural Dynamics and Vibroacoustics                                                                                                                                                

17-19 February 2020, Napoli (Italy)    

 

 

  

 

 
 

 

DYNAMIC BUCKLING INVESTIGATION OF AIRCRAFT 

COMPOSITE STANCHIONS SUBJECTED TO CYCLIC 

LOADING CONDITIONS 

F. Di Caprio1*, A. Sellitto2, S. Saputo2, M. Guida3 and A. Riccio2 

 
1CIRA – Italian Aerospace Research Centre 

via Maiorise snc, Capua (CE), Italy 

Email: f.dicaprio@cira.it 

 
2University of Campania “Luigi Vanvitelli” 

via Roma 29, Aversa (CE), Italy 

Email: andrea.sellitto@unicampania.it, salvatore.saputo@unicampania.it, 

aniello.riccio@unicampania.it 

 
3University of Naples “Federico II” 

p.le Tecchio 80, Naples, Italy 

Email: michele.guida@unina.it 

 

ABSTRACT 
 

This work is focused on the investigation of the structural behavior of a composite floor beam, 

located in the cargo area of a civil aircraft, subjected to cyclical low frequencies compressive loads. 

In a first stage, the numerical models, able to correctly simulate the investigated phenomenon, have 

been defined. Different analyses have been performed, aimed to an exhaustive evaluation of the 

structural behavior of the test article. In particular, implicit and explicit analyses have been 

considered to preliminary assess the capabilities of the FE code. Then, explicit non-linear analysis 

under dynamic loads have been considered, to predict the behavior of the composite structure under 

cyclic loading conditions. 

1 INTRODUCTION 

Buckling is an instability phenomenon typical of “thin” structures (characterized by at least 

one very small dimension compared to the others). Usually, the buckling has been considered a 
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purely static phenomenon. The classic example is that of the Euler beam in which a beam stuck at 

one end is loaded from the tip to the other, with a compressive load lower than the limit of elasticity 

of the material. Theoretically, if the force is perfectly centred and the beam is free of imperfections, 

the latter would remain in equilibrium under the action of any load. In order for the instability to 

occur, it is mandatory to destabilize the beam by means of an external action, immediately removed. 

After the perturbation, three cases can occur, depending on the applied load: the beam returns to the 

initial equilibrium configuration (stable equilibrium); the beam moves to a new equilibrium 

condition different from the initial one (indifferent equilibrium); the beam moves away indefinitely 

from the initial equilibrium configuration (unstable equilibrium). The so-called buckling load is the 

lowest of the loads for which equilibrium is indifferent. 

However, buckling can also be caused by loads that vary over time. The application of a 

time-dependent axial load to a beam, which then induces lateral vibrations and can eventually lead 

to instability, is something that has been investigated by many authors [1-3]. 

Dynamic buckling has a relatively recent history. One of the first researchers to study 

dynamic buckling can be found in [4], where a theoretical solution for the case of a simply 

supported rectangular plate subjected to varying floor loads over time has been developed. In [5], a 

criterion that related dynamic buckling to the duration of the load has been introduced. The effects of 

a high intensity and short duration load have been studied in [6]. According to the investigation, long 

lasting critical dynamic buckling loads may be of lesser intensity than the corresponding static 

buckling loads. 

In this work, the structural behaviour of a composite floor beam subjected to low-frequency 

cyclic load conditions has been investigated, assessing the structural response by considering three 

different loads (below, close, and above the static critical buckling load). 

 

2 TEST CASE DESCRIPTION 

The investigated test case, which has been previously validated in [7], is representative of the 

composite floor beam of the cargo area of a civil aircraft. The geometrical model and the numerical 

model, discretized in the ABAQUS Finite Element (FE) environment, are reported in Figure 1, 

while the mechanical properties of the composite lamina are reported in Table 1. The stacking 

sequence of the beam is [-45; 45; 90; 45; -45; 0; 0; 0; 0; 0; -45; 45; 90; 45; -45]. 

 

 
Figure 1. Left: geometrical model; right: numerical model. 
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1.6 0.186 135000 8430 4160 4160 3328 0.26 2257 800 75 171 85 

Table 1. Mechanical properties of the lamina. 
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3 RESULTS AND DISCUSSION 

A preliminary compressive analysis has been performed on the investigated test case. In 

particular, two different formulations, implicit and explicit, have been considered, and the results of 

both approaches have been compared. Very similar results have been obtained for both approaches, 

as shown in Figure 2, which compares the load vs applied strain curves of the implicit and explicit 

formulations, and Figure 3, which reports the damages in the composite laminate evaluated by using 

the Hashin’s failure criteria. 

 

 
Figure 2. Load vs applied strain. 

 

 
Figure 3. Fibre compressive damages. Left: implicit analysis; right: explicit analysis. 

 

Then, explicit low-cycle analyses have been considered. Three different loads have been 

applied on the investigated test case. In particular, 10 Hz sinusoidal displacements have been 

considered, characterized by different applied displacements: 1 mm (below the critical 

displacement), 1.53 mm (equal to the critical displacement), and 2 mm (above the critical 

displacement). 

Figure 4 reports the results, in terms of stiffness variation, considering the different applied 

loads. 
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Figure 4. Stiffness variation over a load cycle for different load levels at a 10 Hz frequency. 

 

According to the numerical results, the investigated test case does not experience 

instabilization under cyclic compressive load below or close to the critical static buckling value. On 

the other side, the instability occurs if the compressive displacement is above the critical static 

buckling value. 

4 CONCLUSION 

In this work, the structural behaviour of a composite floor beam subjected to cyclical low-

frequency compressive loads has been presented. Explicit non-linear analyses were then carried out 

considering dynamic 10 Hz frequency compressive loads. Load cycles with different amplitudes 

have been considered: 1 mm (about 70% of the static buckling value), 1.53 mm (close to the static 

buckling value), and finally 2 mm (above the static buckling value).  

The results showed that low frequency cyclic loads (compared to the test article’s own 

frequencies) with peak values lower than the static buckling load value are not capable of trigger 

significant instability. This behaviour is confirmed by comparing the stiffness of the models as a 

function of time for the different load levels applied at the same 10 Hz frequency.  
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ABSTRACT 
 

In this study we introduce a new friction model which can describe lubricated sliding contact under 

unsteady or transient dynamic conditions. It is developed on the basis of a state variable friction model 

resting on a friction force equation and a state ones. An effective film thickness is introduced as the 

internal variable. Its lag or relaxation behaviour to reach the steady state film thickness is governed 

by a first order differential equation. The role of this film thickness on friction force is interpreted as 

a sharing effect between solid interaction or confined lubricant and the lubricant film itself. 

Experimental results consisting on free dynamic responses of a sliding oscillating system under 

lubrication are compared with ones obtained by the proposed theoretical approach. 
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1 INTRODUCTION 

Friction is a phenomenon that occurs in a lot of mechanical systems including contacts. In order to 

simulate and analyse the dynamic behaviour of such systems, it is necessary to choose friction law 

that can be able to describe and model it. A classical way to describe friction is to use the Coulomb 

friction or viscous friction models, or the combination of both [1]. Such friction models are very useful 

thanks to their simplicity. However, in many circumstances, they cannot accurately describe 

tribological behaviours, especially for lubricated contacts. Other models have been used to reproduce 

the well-known Stribeck behaviour, but they usually ignore the dynamic effects [2]. 

In other ways, we have designed and built a dynamic tribotest device in order to quantify in a 

simple way general trends of friction as a function of the sliding velocity [1,3]. This experimental 

setup, described in Figure 1, is based on the measurement of transient responses 𝑥(𝑡) of an 

underdamped frictional single-degree-of-freedom mass-spring oscillator. For this dynamic tribometer, 

the moving mass 𝑚 slides in contact with the tribological system under study. The governing equation 

of motion can be written as follows 

 𝑚�̈� + 𝑘𝑥 = −𝑇 = −𝜇(�̇�)𝑁 (1) 

where 𝑘 is the spring stiffness, 𝑁 the normal contact force, 𝑇 the friction force and 𝜇 the 

coefficient of friction. 

 

 
 

Figure 1. Description of the dynamic tribometer. 

 

General trends of friction is then determined by identifying and analysing the decaying 

envelope (or the energy decay curve) of the oscillating transient response. To this end, we have 

described the dependency of the friction coefficient 𝜇 on sliding velocity 𝑣 = �̇� by a pseudo-

polynomial function given by 

 𝜇(𝑣) = ∑ 𝜇𝑝𝑣𝑝sgn(𝑣)𝑝+1 𝑝=𝑛
𝑝=0  (2) 

where the sign function is introduced in order to preserve the odd property of the coefficient 

of friction. To determine coefficients 𝜇𝑝, we have developed a suitable and accurate procedure based 

on the Krylov-Bogolyubov average method, and then demonstrated the capability of this original 

technic to obtain in a very simple way the general trends of friction [4]. Nevertheless, complementary 

experimental measurements of the contact electrical resistance showed that the dynamic phenomena 

are poorly described by the introduced friction law, equation (2). Indeed, for lubricated contacts, the 
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lubricant film thickness, not included in the law, plays an important role as it shares friction forces 

between solid, confined lubricant and/or fluid forces. 

 In this context, the main goal of this study is to introduce a new friction model by considering 

the film thickness as the internal state variable.  

2 THE SUGGESTED FRICTION MODEL 

In order to improve friction models, it is often proposed to introduce internal state variables in 

constitutive laws. In this approach, modelling consists on a friction force equation coupled to a state 

equation. Formally, these two equations are written as 

 {
𝑇 = ℱ(𝑣, 𝑦)
�̇� = 𝒢(𝑣, 𝑦)

 (3) 

where 𝑦 is the internal state variable and ℱ(⋅) and 𝒢(⋅) are two nonlinear functions to be 

precise. To give a first example, we can cite the rate-and-state-variable friction law, which is 

formulated in term of an average contact lifetime as the internal state variable[5]. As a second 

example, the LuGre model [6] includes transition from static friction to kinetic one by introducing the 

mean deflection of bristles as the internal state variable. In this model, it includes also the Stribeck 

effect obtained for the case of constant sliding velocities. So, in a similar approach, we propose to 

build a state variable model by introducing the instantaneous film thickness as the internal state 

variable 𝑦. Indeed, this is the key to interpret transition between boundary and full film hydrodynamic 

regimes. For the state equation, we can heuristically introduced the following differential equation 

 �̇� = (𝑌𝑠𝑠(𝑣) − 𝑦) 𝜏⁄  (4) 

where 𝑌𝑠𝑠(𝑣) represents the film thickness to be reached, and which corresponds to the steady 

state film thickness associated to the instantaneous sliding velocity 𝑉 = 𝑣(𝑡). Conceptually, 𝑌𝑠𝑠(𝑣) 

is a monotonic even function which can be expressed as a power of velocity as follows 

 𝑌𝑠𝑠(𝑣) = 𝑌0 + (𝑌∞ − 𝑌0) (
|𝑣|

𝑉∗)
𝑛

 (5) 

Concerning the total friction force, it is introduced by the concept of a mixed law for which it 

is shared between forces induced by the lubricant film itself, 𝑇𝐸𝐻𝐿, and by the solid interactions (or 

the confined lubricant), 𝑇𝐵𝐿. So, the total force is written as the following weighted sum 

 𝑇 = 𝛼𝑇𝐵𝐿 + (1 − α)𝑇𝐸𝐻𝐿 (6) 

where (1 − 𝛼) is a shifted monotonic sigmoid function of the film thickness, 𝑦, which 

increases from 0 to 1. Without loss of generality, 𝑇𝐵𝐿 is assumed to be almost constant and 𝑇𝐸𝐻𝐿(𝑣) 

to be a viscous force. Finally and considering the oscillating free responses obtained by our dynamic 

tribometer,  the governing equation can be written in the following first order equation 

 {

�̇� = 𝑣
𝑚�̇� = −𝑚𝜔2𝑥 − 𝑇(𝑣, 𝑦) sign(𝑣)

�̇� = (𝑌𝑠𝑠(𝑣) − 𝑦) 𝜏⁄
 (7) 

3 RESULTS 

In order to simulate the free dynamic response, we have integrated equations (7) by using a Runge-

Kutta scheme of order 4. Figure (2-a) shows an example of velocity responses which begins with a 

convex envelop and finish by a concave one. This behaviour is well captured by our model (see Figure 

(2-b)). As we can see in Figure (2-d), this can be interpreted by a transition from a full lubricant film 

force contribution to a dominant solid force contribution. This interpretation is confirmed by 
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measurement of the electrical contact resistance (ECR) presented in Figure (2-c). At the beginning, 

the separation between solids is total (the ECR is very high) and at the end full electrical contact is 

observed (the ECR has a low value).  

 

 

Figure 2. (a) Experimental and (b) theoretical velocity responses; (c) experimental contact 

resistance; ratio (1 − 𝛼) of the lubricant film force contribution. 

 

4 CONCLUSION 

The relevance of the proposed model is demonstrated in the light of comparisons between numerical 

results and experimental ones. In particular, our new model can capture the transition related to the 

instantaneous film thickness which separates the two sliding surfaces, including the lag effect of the 

thickness dynamics. Now, ongoing work is conducted in order to relate the model parameters to the 

physical properties of the tribological contact. 
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ABSTRACT 
The produced PVP/silica samples have better sound absorption properties, in the lower frequency 

range, than materials, of the same thickness. The purpose of this paper is to provide a theoretical 

model for predicting the sound absorption coefficient of PVP/silica samples. Starting from the 

knowledge of the physical properties (such as resistivity, porosity and the structure factor) 

measured for each range of particle size, by the application of a theoretical model, it is possible to 

obtain the coefficient of absorption of the tested material. Measurements of the absorption 

coefficient were made using an impedance tube (tube of Kundt). Then the theoretical developments 

were compared with the experimental ones in function of the frequency. 

 

INTRODUCTION 

New materials composed of nanofibers are diffusing also in the field of noise control and 

correction of acoustic environments. It is possible to get the advantage of improving the 

acoustic characteristics of traditional materials without increasing their weight and size. The 

possible applications of these new materials are the automotive and the aerospace industry 

where there are weight reduction needs. Polymers electrospinning raised very great interest for 
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the preparation of polymer nanofibers with respect to conventional spinning processes is the 

possibility of producing micro/nanofibers ranging from two nanometers  to several micrometers 

[1-4]. Light polymeric soundproofing materials that are of interest for the transportation 

industry fabricated through electrospinning were recently proposed [5, 6] consisting of blankets 

of electrospun polyvinylpyrrolidone (PVP), with an average fiber diameter in the range 1–3 

µm. The electrospun PVP/silica samples may have better sound absorption properties, in the 

lower frequency range, than materials, of the same thickness, that are usually used in both the 

civil and aerospace engineering fields 

RESULTS AND DISCUSSION 

The measurements of the absorption coefficient at normal incidence have been performed with 

the impedance tube, with an internal diameter of 100 mm. The dimensions of the tube are such 

that the measure of the absorption coefficient is satisfying in a frequency range between 200 

Hz - 2.0 kHz. The acoustic absorption coefficient is obtained from the combination of the 

transfer functions measured in the two measuring microphones, placed inside the tube in 

accordance with ISO 10534-2 (2001) [7]. While with the same specimens used for the 

measurement of the absorption coefficient were used for the measurement of the resistivity R1, 

this measurement is performed with the method of the alternate air flow, using a rotary cam 

system, which realizes an alternate air flow at a frequency of  2.0 Hz , in accordance with EN 

29053(1994)  [8]. Furthermore the porosity Y is defined as the ratio between the volume 

occupied by the air (Va) and the one occupied by all the material (Vm). The porosity is 

determined  knowing the density of the material prior to the shredding and the density of the 

granular material; m (kg/m3) is the apparent density of the material, solid (kg/m3) is the 

density of the material which the skeleton is made of: 

 

 

The apparent density (rm) was evaluated by weighing different volumes of material into a 

graduated glass tube, while the density of the solid (rsolid). The structure factor s, is  obtained 

in an indirect way, because it is not easy to measure directly [9], by the knowledge of the first 

value of the maximum of the absorption coefficient, according to the following relation: 

 

 

 

 

co [m/s] is the speed of the sound in the air, n = integer (n = 0 corresponds to the first value of 

the maximum); d [m] is the thickness of the specimen; f2n+1 [Hz] the corresponding frequency 

of the first value of the maximum of the absorption coefficient. 
 

Theoretical model for the determination of the absorption coefficient 

 

In literature are available mono-parametric models in function of the only resistivity R1 (Delany 

and Bazley, Mechel [10]), and semi empirical models based on other acoustic parameters [11] 

for the theoretical evaluation of the absorption coefficient, but usually the trends obtained are 

not in good agreement with the measured data for the granular materials. Therefore, for the 

evaluation of the absorption coefficient is taken a phenomenological model based on the 

knowledge of three non- acoustical parameters that can be measured; this phenomenological 

model was elaborated to estimate the acoustic parameters, so it can be used for nano materials. 

The numerical model requires of the resistivity, the porosity and the structure factor of the 
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material [12, 13]. The complex wave number km and the characteristic impedance Zm are 

evaluated, in agreement with the following relations: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ko = co = 2f/co is the wave number [m-1]; f  is the frequency [Hz]; co is the speed of sound 

in the air [m/s]; s is the structure factor;  = cp/cv is the ratio of the specific heat at a constant 

pressure and volume of the air ( = 1.41); o is the air density (kg/m3). Y is the porosity, R1 is 

the resistivity (Ns / m4), f and fare defined as follows: 

 
 

 

 
 

  
 

 

NPr  is the Prandtl number (NPr = 0.71). The Prandtl number is defined as the ratio  of 

momentum diffusivity (kinematic viscosity) to thermal diffusivity Pr=ν/α, where ν is             the 

kinematic viscosity (m2/s), α is the thermal diffusivity (m2/s). In heat transfer problems, the 

Prandtl number controls the relative thickness of the momentum and thermal boundary layers. 

For a porous material, with a thickness of d, on a rigid wall is defined the acoustic impedance 

Z, per unit area, as a function of the complex wave number km and of the characteristic 

impedance Zm, such as: 

 dkjZZ mm cot  

Defining the acoustic impedance per unit area oco (oco = 407 kg m-2 s-1 ) 

characteristic impedance to the air), it is possible to define the value of the absorption 

coefficient for a normal incidence: 

 

 

 

The trends of the absorption coefficient are reported as a function of the frequency in the 

range 200 Hz - 2.0 kHz. Figure 1 shows the trends of the absorption coefficient of the PVP/SiO2 

sample (weight 7.11 gr; thickness 0.015 m), which have good sound absorption characteristics. 

It is possible to note a good agreement between the measured and calculated trends. 
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Fig.1 Plots of the sound absorption coefficient as a function of frequency measured compared with 

theoretical one 
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ABSTRACT

This paper studies the dynamics of a delayed birhythmicity oscillator in a modified form of the clas-
sical delayed van der Pol oscillator in which the time delay amplitude is modulated around a mean
value with a certain amplitude and frequency. The time-periodic delay amplitude is introduced to
investigate the control of birhythmicity in the oscillator. Averaging method is applied to approxi-
mation the different amplitudes of stable and unstable limit cycles of the birhythmic oscillator near
a parametric resonance for which the frequency of the delay amplitude modulation is near twice
the natural frequency of the oscillator. Analytical approximations supported by numerical simu-
lations show the influence of the modulated time delay on the regions where birhythmic behavior
exists. Depending on the system parameters, the system may exhibit birhythmicity, monorhythmic
or quasiperiodiity.
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1 INTRODUCTION

In a recent work [1], the dynamics and control of a delayed van der Pol oscillator with time-periodic
delay amplitude was investigated in the case where the delay amplitude in the position is modu-
lated with a certain amplitude and a resonant frequency. Perturbation method was performed o
approximate the amplitude of periodic and quasi-periodic vibrations of the oscillator near a para-
metric resonance for which the frequency of the delay amplitude modulation is near twice the
natural frequency of the oscillator. The obtained result demonstrated that the modulation of the
delay amplitude in the position gives birth to quasi-periodic vibrations with large amplitude in a
broad range of parameters. This finding has been successfully exploited in energy harvesting from
quasi-periodic vibrations [2–4].
In [1] the undelayed classical van der Pol oscillator have one limit cycle. In the present study, we
consider the case where the undelayed van der Pol oscillator presents a birhythmitic phenomenon
in which two stable limit cycles separated by an unstable limit cycle having different amplitudes
and frequencies may coexist.
The interest to investigate mulistability in van der Pol oscillator is that the birhythmitic phenomenon
occurs in many natural and artificial systems [5–7]. In [8] The influence of time delay on the dy-
namics of a multicycle van der Pol oscillator has benn considered. It was shown that depending
on the strength of delay the bifurcation space can be divided into two subspaces for which the
dynamical response of the system is generically distinct. Also, depending on the parameter space
the system also exhibits a transition between birhythmicity and monorhythmic behavior. Control
of birhythmicity was also investigated in [9] for three birhythmic oscillators from diverse fields of
natural science.
The intent of the present work is to study analytically and using numerical simulation the influence
of time-periodic delay amplitude on birhythmiticity in a delayed van der Pol oscillator in the case
where the delay amplitude in the position is periodically modulated around a nominal value with a
certain amplitude and a resonant frequency.
Consider a modified form of a classical equation of van der Pol oscillator in which the damping
part contains an additional higher nonlinear term comparing with the standard van der Pol oscillator.
The dimensionless form of the model is given by the following equation

ẍ+ x− ε(α− βx2 + α2x
4 − β2x

6)ẋ = (λ1 + λ2 cosωt)x(t− τ) + λ3ẋ(t− τ) (1)

where α, β, α2 and β2 are the damping coefficients of the multicycle van der Pol oscillator, and λ1,
λ2 and λ3 denote, respectively, the gains in position and velocity and τ is the time delay. Note that
the present paper can be considered as an extension of a previous work [1] where the multicycle
behavior was absent (the case of Eq. (1) with α2 = β2 = 0).

2 MAIN RESULTS

We investigate the response of the system near the delay parametric resonance for which the fre-
quency of the delay modulation is near twice the natural frequency of the oscillator. Application of
the averaging method [11] enables the approximation of the response of the periodic vibrations.

Figure 1 shown the variation of the amplitudes of periodic response versus ω. The analytical
prediction are obtained by using the averaging method. Solid line corresponds to stable solutions
and dashed lines indicate unstable ones. It can be observed from Fig. 1 that near the resonance
two stable limit cycle exist, one with small amplitude and other with large amplitude. Away from
the resonance only the one with large amplitude which is not affected by time delay persists. Time
histories of the two responses are shown inset in Fig. 1 for ω = 2 providing numerical validation
of the analytical predictions.

Figure 2 illustrates in the parameter plane (α2, β2) the bifurcation curves delimiting regions
of existence of limit cycles. In region II two stable limit cycles (birhythmiticity) occurs and in
region I only one stable limit cycle exists (monorhythmicity). The tick line correspond to the
delayed case while the thin line is related to the undelayed case.
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Figure 1. Vibration amplitudes versus ω for α2 = 0.15, β2 = 0.004, α = 1, β = 1 and τ = 1.58.
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Figure 2: Bifurcation curves in the parameters plane (α2, β2), α = 1, β = 1, ω = 2.1 and τ = 1.58.

3 CONCLUDING REMARKS

A birhythmic behavior was studied in a modified form of a classical delayed van der Pol oscillator
in which the damping component contains an additional higher nonlinear terms. We consider the
case where the delay amplitude in the position is modulated around a nominal value with a certain
amplitude and frequency. The averaging method has been used to approximate the solutions near
the primary delay parametric resonance for which the frequency of the modulation is near twice
that of the natural frequency of the oscillator. The influence of the modulated delay amplitude
on the dynamics of the oscillator was examined. It was shown that the modulation of the delay
amplitude can widen the region of birhythmicity over which a large-amplitude stable limit cycle
persists. This result can be of great interest in energy harvesting for which a large-amplitude limit
cycle is desired. This problem is under consideration and results will be presented elsewhere.
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ABSTRACT 

 A numerical FE-SEA model of a box-shaped test article has been made in order to compare 
numerical with experimental results and to mark the improvement due to the addiction of 
local details with respect to pure SEA. The hybrid FE-SEA method is computationally 
efficient to investigate the behavior of the structure and the acoustic performances of the fluid 
volume inside the box, especially in the mid frequency range. The subsystems with long 
wavelength behavior are modeled deterministically with FE, while the subsystems with short 
wavelength behavior are modeled statistically with SEA. Although this method provides 
results as ensemble average response for each subsystem subject to small variations in terms 
of mass and geometrical properties, the numerical results shows a good level of agreement 
with the experimental ones. 
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1 INTRODUCTION 
 

The dynamic behavior of a structure is strictly linked to the frequency range of interest. 
Typically, at low frequencies it is characterized by global modes and relatively long 
wavelength behavior, conversely at high frequencies it shows local mode shapes and short 
wavelength behavior. For this reason, at low frequencies finite element method (FEM) is 
widely used. When the frequency arises, FEM computational cost increases until it becomes 
unaffordable. Hence, at high frequencies statistical energy analysis (SEA) is mostly used, also 
because this approach is well suited when local modes are predominant. Nevertheless, there are 
some cases in which, in a certain frequency range, some components of the structure show a 
long wavelength behavior while other ones have a short wavelength behavior.  

The hybrid FE-SEA method is especially useful in this kind of situations. In fact, the 
former components are modelled with FEM and the latter with SEA.  
In this paper the hybrid FE-SEA method is used in order to obtain numerical results 
comparable with experimental ones. The use of hybrid method enables the introduction of FE 
details into a standard SEA analysis [1].  

In particular, in this paper a box-shaped test article (Figure 1) has been analyzed in order 
to become familiar with this method. It is made up of a set of six panels which are pinned on a 
stiffer trapezoidal frame. Mechanical properties of the structure are listed in Table 1. The 
frequency range of interest is 200-4000 Hz. 

 
2 EXPERIMENTAL SETUP 
 
The boundary condition of the structure is free, so in laboratory it was simulated by suspending 
the system with four ropes. For each panel a series of accelerometers (both triaxial and 
monoaxial) provided the acquisition of the vibrational level. A pair of microphones was set 
inside the box to measure the SPL of the cavity. The load was given by a shaker and the 
generated signal was a white noise in the range of interest. 
 

 
Figure 1- On the left: experimental setup of the box with specification of the panels name.  

On the right: internal frame modeled with VA ONE software. 

 FRAME PANELS 
MATERIAL Steel Aluminum 

t [mm] 8.3 1.0 
E [GPa] 190 73 

ν 0.30 0.30 
ρ [kg/m3] 7852 2780 

DLF 1% 1% 

Table 1- Material and mechanical properties of the system components. 
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3 MODELING 

 
Two numerical models have been made: a pure SEA and a hybrid FE-SEA. The first thing to 
do in an FE-SEA model is establish which components are best modeled with FEM or SEA. In 
order to do so, it is important to analyze the modal density of each subsystem [2]. The frame is 
sufficiently stiff such that it has only 271 modes in the frequency range of interest and, so, it 
has been modeled with FEM, in particular, CQUAD4 elements with plate properties. For the 
six panels the flexural wavefield has been modeled through SEA plates, while the extensional 
and shear wavefields has been described with FEM, in particular CTRIA3 elements with 
membrane properties [3]. 
 In order to decrease the level of uncertainty introduced by the SEA subsystems, FE 
punctual junctions between FE membranes and the FE frame have been taken into account and 
added in proper positions inside the virtual model. Hybrid line junctions have been provided on 
the edges of the box. They establish the coupling among adjacent SEA plates and FE 
membranes on each of their boundary. In fact, on each edge, the energy flows in the following 
manners: 

• between an SEA plate and the correspondent FE membrane; 
• between two SEA plates; 
• between two FE membranes.  

 The acoustic part has been concerned introducing an SEA acoustic cavity with 1% 
absorption and some SIFs linked to the SEA panels. SEA area junctions have been used to 
allow energy flowing between the flexural wavefield and the cavity, while hybrid area 
junctions have simulated the energy exchange between the extensional wavefield and the 
cavity [4]. 
 In the pure SEA model, every subsystem has a statistical formulation and information 
about punctual connections between frame and panels can’t be taken into account.  
The software used for the analyses is VA One [5], which provides the possibility to combine in 
one work environment the SEA and FEM, in order to take advantage of both using the hybrid 
method. 

4 RESULTS 
 
In order to compare experimental and numerical results, the measured accelerations for each 
panel have been averaged such that a subsystem could be described by a single level of 
acceleration, that is the same result coming from SEA or hybrid FE-SEA method.  

The numerical simulation shows that the numerical results are in good agreement with 
the experimental ones (Figure 2-3). SEA modeling brings to an overestimation of rear and upper 
panels acceleration level, but for the remaining panels it is near to the mean response starting 
from 800 Hz. This observation can be also successful extended to the acoustic noise transfer 
function (NTF), evaluated starting from the SPL of the SEA cavity. 

Referencing to the hybrid FE-SEA results, it can be observed that panels acceleration 
levels and acoustic cavity SPL are very similar to the experimental ones starting in the whole 
analyzed range, both in terms of amplitude and peaks/valley behavior.  

 
5 CONCLUSIONS 

 
In this example the hybrid FE-SEA method reveals how much the SEA formulation can be 
improved by adding deterministic details and, on the other side, how much it can be beneficial to 
decrease the computational cost introducing an SEA formulation for appropriate subsystems.  

The numerical discrepancies in terms of natural frequencies and amplitude could be due 
to the lack of information about the effective DLF spectra (the assumption of constant 1% is 
suggested by literature) and to an unvalidated model of the frame. 
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Figure 2- Comparison between experimental (red line), pure SEA (blue line) and hybrid FE-SEA (black 

line) results in terms of mean flexural acceleration FRF of the structure panels. 

 
Figure 3- Comparison between experimental, pure SEA and hybrid FE-SEA results in terms of acoustic 

NTF for the cavity inside the analyzed box. 
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ABSTRACT 

 
Reliability-Based Design Optimization (RBDO) in embedded electronics and mechatronic system 
is a very important part in several industrial fields. The RBDO analysis of industrial systems is a 
very important engineering issue, in order to guarantee their functional behavior. Most of the 
critical failures are generated by the interactions between the sub-systems, implemented in 
different technologies, e.g. mechanics, electronics, and software. Therefore, the analysis of the 
system as a whole is not enough and it is necessary to study all the interactions in order to estimate 
the system reliability. In this paper, we will present the last developments of Reliability-based 
Design Optimization in embedded electronics and mechatronic system. 

1 INTRODUCTION 

In the embedded electronics and mechatronical system design, it is very important tominimize the 
structural cost and to maximize safety. Few designers (or researchers) can work with these two 
opposite philosophies. The basic idea is to know the role ofeach parameter in our design  using 
advanced technologies in CAD (Computer-Aided Design) domain such as sensitivity analysis, 
optimization concept and reliability analysis. Our main challenge is to integrate the reliability 
analysis in the optimization procedure that allows us to define the best compromise between cost 
and safety. This model is called Reliability-Based Optimization. We applied reliability-based 
optimization on the three structural optimization families. 
Model 1: The Reliability-Based Design Optimization (RBDO) consists of the integration of 
reliability analysis into the optimization procedure. The classical RBDO approach is carried out 
in two spaces: normalized space and physical one. Therefore, the nested problems necessitate a 
high computational time. In order to overcome this problem, we propose a new hybrid formulation 
consisting in solving the problem in a Hybrid Design Space (HDS), containing all numerical 
information about the optimization process. Application of Dynamical and fatigue of structures. 
Model 2: The Reliability-Based Shape Optimization (RBSO) consists of the coupling between 
several models: geometrical modeling, numerical simulation, and reliability analysis and 
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optimization methods. The hybrid method can be used efficiently to reduce the computational 
time. Since the structural geometry may be updated during the optimization process, a flexible 
model has to be used. After having studied different ways of geometrical modeling, we select a 
parametric boundary description such as B-spline curves. Furthermore, the design model may be 
different than the mechanical one and may then give inaccurate results of the structure behavior. 
We study the relationship between CAD and FEA (Finite Element Analysis) models in order to 
define the suitable method that updates the geometry with a small cost. Furthermore, the 
optimization process generally needs gradient evaluations at each iteration. Two problems can be 
found: the computing time and the result accuracy. Therefore, we propose a new numerical 
derivative to balance the computing time and the precision. Application of 
Model 3: The Reliability-Based Topology Optimization (RBTO) is based on the introduction of 
the reliability criteria into the topology optimization procedure. The resulting reliability-based 
topologies are different than the resulting deterministic one.Moreover, the advantage of RBTO  is 
to provide the designer with several solutions in function of the target reliability. This paper 
presents a numerical investigation of the probabilistic approach in estimating the reliability of wire 
bonding, and develops a reliability-based design optimization Methodology (RBDO) for 
microelectronic devices structures. 

2 PROBLEM DEFINITION 

The device studied is the electronic package (wire bonding type) developed for engine 
environments but also have Venus planetary exploration applications in harsh environments (The 
temperature at the surface of venis is 450 °C).   This device is of stack configuration. The silicon chips 
are soldered into insulating substrates typically made of a ceramic layer (Al2O3 or AIN) sandwiched 
between two thin copper layers, and the entire assembly of the die and the direct copper bonded (DCB) 
is soldered to a copper base plate. Gold wire bonds and the bus bars interconnect the die, substrate and 
module terminals. Schematic drawings of the module construction are given in Fig.1. 

 
Fig.1. Structure of the electronic package (wire bonding type) 

 
For high temperature electronics and sensors, the temperature range to which the devices are 

exposed to be much wider compared with that for conventional electronics. Thus the thermo-
mechanical properties of the devices in particular those of wirebonds are critically important to the 
reliability of chip-level electrical interconnection systems because the devices are subject to a very 
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wide temperature variation. The thermo-mechanical stress in wirebonds due to the differences in 
material properties of wirebonds, especially, coefficient of thermal expansion (CTE) mismatch 
between the metal wire, bond pads, chip and substrate materials may cause degradation and failure of 
wirebonds. The most common failure mode of wirebonds is delamination/cracking at wire/bond-pad 
and bond-pad/chip (or substrate) interfaces. The failure of wirebonds may cause open and shorted 
circuits. The performance of these structures also depends on the design; they may be more sensitive 
to random variations in material and load uncertainties. Hence, the objective of this work is to develop 
a reliability-based design and optimization methodology to improve the performance and reliability 
of power device. To demonstrate the methodology, results are shown for a wire wedge bond, but the 
methodology is generally applicable to other structures. The failure of the system is modeled by a 
functional relation G(X), called limit state function, this  function can either be implicit (e.g., the 
outcome of a numerical FEM code), or explicit (e.g., an approximate equation obtained using the 
response surface method). The limit between the state of failure G(X) <0 and the state of safety 
G(X)>0 is known as the limit state surface G(X) = 0. Given this formulation, the reliability design 
optimization problem of the wire bonding interconnection can be written as: 

Find					𝑋' =	[𝑥'*,	𝑥'+,…,	𝑥',]  and  𝑋- =	[𝑥-*,	𝑥-+,…,	𝑥-,]   
Such that to minimize   𝑃/ = 	𝑃/[𝐺(𝑋'	, 𝑋-) 	≤ 0] 
Subjected to  ;                                                                                   
Were C0 is the allowable cost, which is a function of a vector of design variable Xd, Pr [.] is the 

probability operator and is the failure probability corresponding to the performance function G. 
In this problem, the designer is to find the design, Xd that minimizes the probability of system 

failure of wire bonding under the cost constraint corresponding to the structural volume.	Such a 
problem requires a very high computation cost, which is mainly due to the calculation of gradients, 
especially when a finite element model is used. To solve this problem the concept of response surface 
methodology combined to the sensitivity analysis give a useful tool to establish an approximate 
explicit functional relationship between input variables and output response through regression 
analysis for the range of expected variation in the input parameters. The calculation of the reliability 
index is carried out in the normalized space (U) (see Fig.2): 

1 Input the initial values of the variable vector u of the studied model, 
2 Evaluate the objective function d(U), 
3 Calculate the limit state constraint H(U) ≤ 0, 
4 Test the convergence constraint H(U) ≤ 0, if not  converged, update u and go to step 2, else, 

converged, stop. 
 

 
Fig.2. Physical and normalized spaces 
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CONCLUSION  
 

In this study, a probabilistic approach combined to a nonlinear thermo-mechanical finite element 
analysis is used to predict the reliability of the bonding wire of an electronic power module. The F.E. 
model developed in this paper is used to investigate the reliability of the wire bonding by considering 
the thermo-mechanical coupling effects within a power chip and its environment. The 2D FE model 
takes into account the bonding wires and the material nonlinearity properties of plastic behavior of the 
wire bonds. 

This study reveals the interest to use the reliability analysis to predict the effects of the 
delamination and the wire-bonding lift-off of the microelectronic devices. The uncertainties related to 
geometrical dimensions and to the material properties such as Young's modulus, can lead to 
mechanical failure. The probabilistic approach can be used to ensure more design robustness. 
Furthermore, the use of reliability based design optimization model reduces the structural weight in 
uncritical regions. It does not only provide an improved design but also a higher level of confidence 
in the design. 
 

REFERENCES 

[1]   EL HAMI, PH. POUGNET, Embedded Mechatronic Systems - Volume 1: Analyse of 
failures, prédictive reliability, (237 pages ) ISTE, ELSEVIER, ISBEN: 9781785480133, London, 
june 2015 

 
[2] EL HAMI, PH. POUGNET, Embedded Mechatronic Systems - Volume 2: Analyse of        
failures, Modeling, Simulation, optimization (247pages) ISTE, 
ELSEVIER,ISBEN:9781785480140, London, june 2015 

 
[3]   S.KADRY, A. EL HAMI, Numerical Methods for Reliability and Safety Assessment 
Multiscale and Multiphysics Systems, Springer, (805 pages), ISBN 978-3-319- 07166-4. New 
York and London 2015. 

 
[4]   EL HAMI, PH. POUGNET,Les systèmes mécatroniques embarqués,Volume1:Analyse des 
causes de défaillances, Fiabilité et contraintes, ISBN 978-1-78405-057-3, 230 pages, ISTE, 
London, mars 2015. 

 
[5]   EL HAMI, PH. POUGNET, Les systèmes mécatroniques embarqués Volume2: Analyse des 
causes de défaillances, Modélisation, simulation et optimisation, ISBN 978-1-78405-057-3, (270 
pages) ISTE, London mars 2015 

 
[6]   EL HAMI, B. RADI, Incertitude, Optimisation et Fiabilité des Structures, Hermes- Lavoisier, 
ISBN : 9782746245167, 400 pages. Paris, 2013 

 
[7]    EL HAMI, B. RADI, Uncertainty and Optimization in Structural Mechanics, WILEY/ISTE, 
ISBN : 978-1-84821-517-7, 144 pages. New York & Londre, 2013 

336



MEDYNA 2020: 3rd Euro-Mediterranean Conference on Structural Dynamics and Vibroacoustics                                                                                                                                                
17-19 February 2020, Napoli (Italy)    

 

 
  
 

 
 
 

Thermal modeling of high power transistor HEMT  
 

A. AMAR1, A. EL HAMI2 and B. RADI3   
1LLaboratory of Mechanics of Normandy LMN  

INSA Rouen, France,  
Engineering, Industrial Management and Innovation Laboratory (IM2I) 

FST SETTAT, Morocco 
Email: abdelhamid.amar@insa-rouen.fr 

2 Laboratory of Mechanics of Normandy LMN  
INSA Rouen, France  

Email: abdelkhalak.elhami@insa-rouen.fr 
3 Engineering, Industrial Management and Innovation Laboratory (IM2I) 

FST SETTAT, Morocco 
Email: bouchaib.radi@yahoo.fr 

 
ABSTRACT 

 
Among the very important components in these systems is the transistor. There is an electronic element 
that has created a revolution in the design and development of such systems by controlling, amplifying 
and lowering signals. When we talk about the most developed systems such as airborne systems, we 
find that most of its failures come from its high-power amplifiers (HPAs). According to various 
studies, a large percentage of these failures are due to high-power transistors, including gate burial, 
degradation of ohmic contacts, deformation of the AlGaN layer... these failures have a relationship 
with the operating temperature that exceeds critical values by heating the transistors. So the operating 
temperature has a great influence on the performance of the latter. In this work, we will propose a 
very realistic thermal model of the transistor under conditions similar to those of the operating 
environment, then we will use the finite element method with COMSOL software to perform numerical 
simulation to observe the temperature distribution over the entire structure. In the following we will 
start a study of thermomechanical behavior thanks to the combination of thermal and mechanical 
study. 
 

1 INTRODUCTION 

The robust design of mechatronic systems is a very important technical issue, whose failures that 
occurred during the first manufacturing versions before the manufacture of the new versions must be 
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taken into account, in this context digital simulation does not allow to observe and have much 
information on these failures, using the finite element method, with software such as ANSYS and 
COMSOL. With all these tools we can interpret the behavior and operation of the systems and detect 
failures as early as the design phase before reaching the manufacturing stage, we undergo our system 
under all conditions of use and environment. 

2 HIGH POWER TRANSISTORS HEMT 

The HEMT transistor appears to be a major evolution of the MESFET. The difference is that the 
HEMT uses a heterojunction, i. e. a junction between materials having different energy bands, so that 
the electrons constituting the drain-source current in a non-doped semiconductor, in order to reduce 
the time of transit and thus increase frequency performance. The electron velocity is in effect is even 
greater when the doping of the semiconductor is low, because the dispersion of ionized impurities is 
reduced  [1] [3]. 

3 THERMAL MODELING OF HEMT TRANSISTOR 

3.1 Thermal transfer to one's own of a HEMT  

The energy dissipated in the active transistor zone, in the form of heat flux, can be transferred and 
evacuated to the external environment through different mechanisms of conduction, convection and 
radiation[2].  
 
- Conduction: Thermal conduction refers to the heating and propagation of heat in a body, without the 
displacement of matter. It is caused by the oscillations of the atoms, proportional to the temperature 
gradient and the coefficient characterizing the thermal conductivity of the material. The elementary 
vectors of heat transfer are phonons and free electrons. The heat flow is linked to the temperature 
 gradient by Fourier's law. 
                                                                 𝜑"⃗ = −𝐾'(	𝐴	𝑔𝑟𝑎𝑑""""""""""⃗ (𝑇)                                                          (1) 
 
With 𝐾'( thermal conductivity [W/m/K] 
and A the exchange surface in 𝑚3 
 
R. Meanddru et al presented a thermal transfer study in the HEMT transistor, for temperatures above 
ambient temperature, we observe that the contribution of radiation and convection is about 1.5% 
compared to the contribution of conduction. This is why we neglected heat transfer by radiation and 
even by convection in the rest of our study[3].  
 
3.2- construction of a thermal model 
 
To ensure the reliability of mechatronic systems through the reliability of transistors, it is necessary to 
build a thermal model specific to this component, which resembles reality. This will allow to control 
its thermal behavior and observe any temperature variation according to the chosen parameters, the 
power dissipated, the reference temperature… 
 
3.2.1- Thermal properties of materials 
The construction of a thermal model of the transistor requires the definition of the thermal properties 
(thermal conductivity and mass thermal capacity) of the different materials represented in this model. 
There are many articles giving values, which depend in particular in the case of GaN on the crystalline 
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quality of the material [4]. In our models, we have taken values from the literature [5] and previous 
work [6] [1].  
 
3.2.2- Boundary conditions 
 
To carry out a thermal simulation requires the definition of the conditions to the limits to be imposed 
on our system, in this case we have two which are very important:  

- The reference temperature 
- The dissipated power 

 
4-DIGITAL SIMULATION OF THERMAL EXCHANGES 
 
The purpose of this simulation is to know the influence of the different parameters including the 
dissipated power, the reference temperature, on the operating temperature of the transistor. 
 
4.1- Influence of the reference temperature: 
 
To quantify the influence of this effect on the component operating temperature, we performed several 
thermal simulations on our model, at different TRéf reference temperatures, at the grids in the center 
and periphery of the transistor. 
  

(a)                              
 
Figure 3: Tref influnec on Tmax for a dissipated power of 0.1W/mm (a), Tref influence on Tmax for 

different dissipated powers(b) 
 
The figure shows the variation of the maximum temperature as a function of the operating 
temperature, with a fixed dissipation power of 0.1W/mm, it can be clearly seen that the component 
temperature increases with the Tref variation. 
To observe this influence, the figure shows the component temperature variation as a function of the 
reference temperature for the different values of the dissipated power. 
From this figure, it is clear that the reference temperature influences the operating temperature of the 
transistor, even in the different values of the dissipated power. 
 
4.2-Influence of the dissipated power: 
In order to observe the influence of this effect on the component operating temperature, we carried 
out several thermal simulations on our model, at different values of the dissipated power, at the level 
of the grids in the middle and periphery of the transistor 
 

(b)                                                                           
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(a)                                                                                 (b)                                                
 
Figure 5: influence of dissipated power on Tmax for a Tref of 50°C(a), influence of dissipated power 

on Tmax for the different Tref values(b) 
 

In order to observe the influence of this effect on the component operating temperature, we carried 
out several thermal simulations on our model, at different values of the reference temperature, at the 
level of the grids at the middle and periphery of the transistor. 
From this figure it is clear that the maximum transistor temperature increases with the variation of the 
dissipated power and the different values of the reference temperature. 
 
CONCLUSION  
 
In this paper we have done a thermal modeling of the high power transistor which is one of the 
essential components in a mechatronic system. It allowed to observe the influence of the dissipated 
power and the reference temperature on the maximum transistor operating temperature using the finite 
element model solved by the COMSOL software. 
In order to ensure a robust manufacture of high-power transistors, i. e. mechatronic systems, it is 
necessary to carry out a study to optimize the dissipated power, it is necessary to study other types of 
failures from other origins. 
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ABSTRACT 
 

Two Passive Noise Control (PNC) concepts were numerically evaluated in terms of their impact on 

the Sound Pressure Level (SPL) perceived by passengers of an aircraft flight. 

A concept was based on the shape optimization of the headrests, whereas the second one was based 

on the adoption of a high absorbing material, i.e. a nanofiber textile, to improve the acoustic 

performances of the headrests. 

To this aim, an aircraft seat was modelled with the Boundary Element Method (BEM) and loaded 

with a spherical distribution of monopole sources surrounding the seat. Different configurations of 

headrest shape and covering textiles were then compared in terms of the SPL calculated at 

passengers’ ears. 

The work shows how an acoustic-oriented design of the aircraft headrests could achieve an average 

SPL reduction for passengers up to 3 dBA. 
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1 INTRODUCTION 

This work presents the development of two Passive Noise Control (PNC) concepts aiming at 

improving the acoustic comfort inside an aircraft cabin via numerical simulation. A concept is based 

on the shape optimization of the seats’ headrests to reduce the Sound Pressure Level (SPL) perceived 

by passengers. The second concept is based on the adoption of a high absorbing materials, i.e. 

nanofibrous textiles, to improve the absorbing performances of the headrests, thus in turn reducing the 

perceived SPL. 

To simplify the Design of Experiment (DoE), the current numerical simulations were 

performed considering the turbulent boundary layer aero-acoustic load as the unique noise contributor. 

The related data was available from [1] and has been here adopted as acoustic load applied around a 

single aircraft seat modelled with the Boundary Element Method (BEM). Such BEM model was then 

used to evaluate different configurations of headrest shapes and headrest covering textiles, i.e. a 

nanofiber textile [2-3], in terms of their acoustic performances. 

Application of the BEM to problems in solids and structures can be found in [4-5] whereas 

some applications in aeronautic and railway fields can be found in [6-7]. In particular, in [6] a FEM-

BEM modelling technique was used to predict the vibro-acoustic response of an aircraft fuselage, 

whereas BEM was used in [7] for the acoustic scattering of large and complex aircraft. 

 

2 NUMERICAL ANALYSES 

The starting CAD model of two aircraft seats adopted for the acoustic assessments o is shown 

in Fig. 1a. Such CAD model was imported in VA One [8] and a simplified BEM model was created, 

see Fig. 1b. Preliminary BEM analyses were aimed at reducing the size of the BEM model to handle 

and the resulting BEM modelling is here presented. Such “baseline” model comprised only one seat 

with cushion, backrest and headrest; the whole supporting structure did not give any appreciable 

contribute to the SPL calculated at passengers’ ears height, therefore its modelling was neglected. 

The final BEM model comprised nearly 7000 linear boundary elements with an average size 

equal to 14 mm, thus 6 elements per wavelength were used at maximum frequency of 4 kHz. The 

BEM fluid was air with bulk modulus equal to 142,4 kPa and mass density equal to 1,21 kg/m3. 

Two different shapes for the headrest were considered on such baseline model (Fig. 2); such 

shapes were representative of the smallest and largest headrest that were envisaged for such a headrest 

shape optimization process. Moreover, various combinations of headrest shapes as well as headrest 

covering textiles were considered as part of the design of experiment. For all the simulations, the same 

data recovery surfaces (Figs. 1-2) were considered as the areas on which the SPLs were output. Such 

SPLs were then compared among the various configurations allowing to realize how much the impact 

of both, geometry and fabric, would be on the passengers’ perceived noise. 

The headrest was considered as covered by different textiles: a traditional one, termed 

“reference”, and two new-generation nanofibrous textiles [2-3], whereas the backrest and cushion 

were covered with the reference textile for all the analyses. The related absorbing coefficients are 

shown in Fig. 2c. All the material data were obtained experimentally using a Kundt’s tube. 

The BEM simulations were performed across a frequency domain of 200 ÷ 4000 Hz, with a 

200 Hz constant bandwidth. All the analyses were based onto several uncorrelated monopole sources 

located at equal distance of 2 m from the centre of the backrest’s surface. Such sources were positioned 

spherically, so as to reproduce a diffuse acoustic field surrounding the seats. All the monopoles were 

set up in such a way to generate a pressure distribution providing a SPL at the data recovery surfaces 

equal to that calculated by the full SEA modelling of the fuselage [1]. 
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(a)      (b) 

Figure 1: (a) CAD model of two aircraft seats; (b) simplified BEM model of one seat surrounded by 

the monopole sources. 

 

  
(a)   (b)     (c) 

Figure 2: BEM model with headrest (a) without caps or (b) with caps; data recovery surfaces to 

output the SPLs shown in azure; (c) acoustic absorbing coefficient for textiles. 

 

3 RESULTS 

Results in terms of SPL were calculated on the data recovery surfaces (Figs. 1-2), so as to 

represent the average SPL that the passenger perceives as cabin interior noise. Fig. 3 shows the 

aforementioned SPL values for various configurations of headrest shape and headrest covering textile. 

Such results demonstrated that using both, a headrest and an appropriate absorbing material, 

it was possible to reduce the SPL values perceived by the passengers. In particular, the usage of a 

headrest with lateral caps seemed to provide significant advantages only when used in combination 

with high absorbing covering textiles such as the here considered nanofibrous textiles. 

 

   
(a)     (b)     (c) 

Figure 3. SPL [dBA] on the data recovery surfaces considering headrest with/without caps and 

surface impedance of: (a) reference textile, (b) PVP6g nanofiber textile, (c) PVP24g nanofiber 

textile 
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4 CONCLUSIONS 

The two PNC concepts of headrest shape optimization and covering textiles demonstrated to 

be effective in lowering the noise perceived by the passengers inside the cabin of an aircraft turboprop. 

The adoption of a headrest with lateral caps seemed to play a positive effect for all the 

frequencies higher than 1 kHz. The adoption of high absorbing materials, such as the nanofibrous 

textiles, turned out to be effective in lowering the SPL perceived by passengers. 

It is worth noting that the adoption of the PVP24g nanofibrous textile allowed an interesting 

noise reduction (-1 dBA) even at frequency as low as 200 Hz, thus foreseeing the possibility to adopt 

PNC even at such low frequencies. At higher frequencies, the adoption of a nanofibrous textile 

allowed a reduction in SPL up to nearly 3 dBA. For high frequency, the adoption of PVP6g seemed 

to be the most effective since the it demonstrated to be the most performant and also lightweight 

textile. 
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ABSTRACT

A complementary study of the works available on geometrically non-linear rectangular plate vi-
brations is presented, corresponding to a new combination of edge conditions, involving edges
elastically supported. In addition to its theoretical interest, this study may be of a crucial im-
portance in experimental identification. A plate is simply supported (SS) at two opposite edges
and connected by distributed translational and rotational springs (DTRS) at the two other edges
is examined using trial functions defined as products of appropriate beam functions in the x and y
directions. The general formulation of the non-linear problem, based on Hamiltons principle and
spectral analysis, is presented, followed by a case study, leading to the backbone curves for plates
having different combinations of stiffness.
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Figure 1: Beam connected by
translational and rotational spring at

ends x=0,l

Figure 2: Plate connected by
translational and rotational spring at
edges x=0,a and SS at edges y=0,b

1 INTRODUCTION

The analysis of rectangular plate vibrations is a topic of a crucial importance in the structural design
in many fields. In the linear case, analytical solutions exist only in the case of two opposite edges
simply supported [1]. The other edge conditions, corresponding to free (F), simply supported (SS)
and clamped (C) edges, are usually examined by the Rayleigh-Ritz method but yet many of the edge
combinations have not been treated. In the non-linear regime, Benamars method has been applied
to few combinations of boundary conditions ([2],[3]). A complementary work is presented here,
corresponding to non-linear vibrations and a new combination of edge conditions, namely a plate
SS at two opposite edges and connected by distributed translational and rotational springs (DTRS)
at the two other edges. The mode shapes of beams attached to elastic supports are first determined
in order to be used in building the corresponding plate trial functions, defined as products of beam
functions in the x and y directions. The general formulation of the non-linear problem and a case
study are then presented. The backbone curves are given for plates having different combinations
of stiffness and aspect ratios.

2 LINEAR ANALYSIS OF BEAMS ATTACHED TO ELASTIC SUPPORTS AT THE TWO
ENDS.

Consider the beam shown in Figure 1 attached at the two ends x=0 and x=a to two translational
springs of stiffnessK1 andK2, and two rotational springs of stiffness C1 and C2. If w(x, t) denotes
the transverse deflection the beam shown in Figure 1, the beam vibration is governed by [4]:

d4w

dx4
+ .β.w = 0 In witch β4 = ω2 ρ.S

E.I
(1)

The general solution of Equation 1 can be written as [5]:

Wi(x) = C1 sin(βi.x) + C2. cos(βi.x) + C3. sinh(βi.x) + C4 cosh(βi.x) (2)
The β′is are frequency parameters depending on the beam end conditions, to be determined with
C1 to C4 by setting the system determinant equal to zero. The symbolic calculation and fzero
command in Maltlab was used to solve the transcendental equation giving the elastically supported
beam parameters βi.l2

3 LINEAR VIBRATION OF PLATES WITH ELASTIC RESTRAINTS ALONG TWO
OPPOSITE EDGES

Consider linear free vibrations of the plate shown in Figure 2 (for clarity, only the rotational and
linear springs are shown here at x=0 and x=a respectively). If the time and space functions are
supposed to be separable and harmonic motion is assumed, the transverse displacement can be
written as:

W(x, y, t) = w(x, y).sin(ω.t) where w(x, y) =
N∑
k=1

ak.wk(x, y) (3)
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The kinetic energy of the plate can be expressed as [2]:

T =
1

2
.ρ.H.

∫
S

(
∂w

∂t

)2

dxdy (4)

If one put D =
E.H3

12.(1− ν2) the bending stiffness, H plate thickness and ν Poisson’s ratio so the

plate strain energy is the sum of the energy due to the bending Vb [5] and the energy stored in the
elastic edge restraints Vedg [6]:

Vb =
D

2

∫
S

(
∂2w

∂x2
+
∂2w

∂y2

)2

+ 2.(1− ν).

((
∂2w

∂x∂y

)2

− ∂2w

∂x2
.
∂2w

∂y2

)
dS (5)

Vedg =
1

2

∫ b

0

(
K1.w

2 + C1

(
∂w

∂x

)2
)

x=0

dy +
1

2
.

∫ b

0

(
K2.w

2 + C2.

(
∂w

∂x

)2
)

x=a

dy (6)

The basic plate functions (Equation (3)) are constructed as [6] wk(x, y) = PI(x).QJ(y), with PI(x)
and QJ(y) being the beam functions presented in section 2. k = n.(I − 1) + J , where n is the
number of beam functions used. After discretization, and by applying Hamilton’s principle, the
plate vibration is governed by the following linear equation [2]:

2. [K] . {A} − 2.ω2. [M ] . {A} = {0} (7)

{A} is the column vector of the basic function contribution coefficients, K,M are the rigidity and

mass matrices, well known in linear theory. The fundamental frequencies Ω = ω.a2
√
ρH

D
of

rectangular plate, simply supported in y-direction, clamped at x = 0 and elastically restrained at
x = a (CSES), are shown in Table (1) for various combinations of the spring stiffnesses K∗ =
a3K2

D
and C∗ =

aC2

D
.

C∗ K∗ = 0 K∗ = 100 K∗ =∞
a b a b a b

0 12.74 12.69 19.24 19.22 23.65 23.65
10 13.44 13.41 19.41 19.40 26.56 26.56

100 13.66 13.65 19.48 19.48 28.56 28.55
∞ 13.69 13.69 19.49 19.49 28.96 28.95

Table 1: Frequency parameter of CSES a square plate (a) present results, (b) results given by
Ref [6].

4 NON-LINEAR VIBRATION OF A RECTANGULAR PLATE ATTACHED TO ELAS-
TIC SUPPORTS

The membrane strain energy Vm of the plate supposed now to exhibit non-linear vibrations is given
by [6]:

Vm =
3D

2H2

∫
S

[(
∂W

∂x

)2

+

(
∂W

∂y

)2
]2
dS (8)

Equation (7) becomes:

2. [K] . {A}+ 3. [B {A}] . {A} − 2.ω2. [M ] . {A} = {0} (9)

3
347



MEDYNA 2020 17-19 February 2020, Napoli (Italy)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
1

1.2

1.4

1.6

1.8

2

ΩNl/Ω

W
m

a
x

C∗ = 0
C∗ = 2

C∗ = 10

C∗ =∞

Figure 3: Backbone curve of a simply supported plate at all edges in addition to rotational spring
at edges x = 0, a with various stifnesses C∗.

B {A} is the non-linear geometrical rigidity. Equation (9) is Benamars adaptation of the Rayleigh-
Ritz method to the nonlinear problem, to be solved numerically or explicitly. Pre-multiplying the
two hand sides of Equation (9) by {A}T and using the single mode approach (SMA) one obtain
[3]:

ΩNl =
K11

M11

+ a2
3

2

B1111

M11

(10)

In which K11, M11, B1111 correspond to the single mode parameters used in the SMA formulation.
Figure 3 gives the various backbone curves corresponding to various values of rotational spring
stiffness at the edges x = 0 and x = a for SSSS rectangular plate.

5 CONCLUSION

Benamar’s method has been successfully applied to examine in the geometrically non-linear free
vibration of rectangular plates simply supported at two opposite edges and attached to distributed
translational and rotational springs at the two other edges. Analytical details have been given and
the numerical results were compared to those available in literature. The backbone curves are pre-
sented for plates having different combinations of stiffness and aspect ratios giving quantitatively
the expected hardening type of non-linearity.
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ABSTRACT 
 

In this study wave propagation in a Peridynamics (PD) bar is investigated. Initially, dispersion 

properties of the one-dimensional bond-based PD model are computed. Its dispersion characteristic 

is optimized through minimizing the error between the exact and the numerical solution. A weighted 

residual technique is employed and the weighting coefficient corresponding to every bond is then 

defined. The proposed method is able to significantly improve the description of wave dispersion 

phenomena in the 1-D PD model.         

 

1 INTRODUCTION 

Peridynamics has been intensively developed over the last two decades. This theory was initially 

proposed by Silling [1] to study crack propagation problems in solid bodies. Peridynamics has 

been found successful in modelling static and quasi-static problems [2] and it has recently been 

applied to simulate wave propagation phenomena [3]. The comparison of wave dispersion in 

discrete and continuum systems modelled using PD was addressed in [4], where a method to 

modify wave dispersion in bond-based (BB) discrete systems at low frequencies is introduced. 

Detailed analysis of wave dispersion in nonlocal models in 1-D and 2-D framework was presented 

in [5]. It was clearly shown that the BB Peridynamics shows dynamically softening behaviour.  

This study is focused on the improvement of wave dispersion in a one-dimensional bond-

based PD model. Galerkin method is employed and the correction factor of each bond is computed. 

Results are compared and verified against the exact solution.   
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2 NUMERICAL DISPERSION IN BOND BASED PERIDYNAMIC BAR 

For analysing dispersion in Peridynamics we start with the equation of motion [1] of a 1-D discretized 

bar with nonlocal interactions as shown in Figure (1). 

 
Figure 1. Numbering of the family nodes of a source node inside its horizon, dashed line 

represents the bond between nodes. 

 

𝜌𝑢0,𝑡𝑡 =
2𝐸

𝛿2
∑

1

|𝑖|
𝛼𝑖(𝑢𝑖 − 𝑢0)+𝑁

𝑖=−𝑁    (1) 

2N is the number of the family nodes within the horizon radius , 𝛿 = 𝑁∆  is the horizon radius, ∆ is 

the grid spacing, 𝜌 is the density of the material and 𝐸 is the Young's modulus. 𝑢𝑖 in Equation (1) 

represents the displacement of 𝑖𝑡ℎ node and 𝛼𝑖 is the correction factor of 𝑖𝑡ℎ bond (see Figure 1). After 

discretization in time, Equation (1) can be used to compute displacements in subsequent time steps 

for a 1-D infinite domain. Wave propagation characteristics are found from Equation (1) assuming a 

single, unit amplitude, wave solution for a linear, homogeneous, isotropic medium of the 

form 𝑢𝑛(𝑛∆, 𝑡) = 𝑒𝑖𝑘𝑛∆𝑒−𝑖𝜔𝑡. For a regular grid of nodes, the following phase relation holds between 

any family node and the considered central node 𝑛 

𝑢𝑛±𝑖 = 𝑢𝑛𝑒±i𝑘𝑖∆, (2) 

considering Equation (2) and after doing some manipulations, Equation (1) becomes 

 

{
2𝐸

∆2𝑁2
∑

1

|𝑖|
𝛼𝑖(1 − 𝑒i𝑘𝑖∆)+𝑁

𝑖=−𝑁 − 𝜔2𝜌} 𝑢0 = 0, (3) 

with the non-trivial solution for the quantity in brackets {∙} = 0, yielding the dispersion relation 

for a 1-D peridynamic bar 

 

𝜔2 =
4𝐸

𝜌∆2𝑁2
∑ 𝛼𝑖

1−cos (𝑘𝑖∆)

𝑖

𝑁
𝑖=1  . (4) 

2.1 Modified optimal 1-D BB-PD model 

The Galerkin method is applied to find the unknown weight coefficients α in Equation (4)  

∫ �̿�𝑅𝑑𝑘 =
𝜋

∆
0

∫ �̿�(�̅�𝑇𝛂 − 𝑘2)𝑑𝑘 = 0
𝜋

∆
0

,  
(5) 

where �̅�, �̿�  and 𝛂 are defined as follows 

�̅� =
4

∆2𝑁2 [
1−cos(𝑘∆)

1
,   

1−cos(2𝑘∆)

2
, … ,

1−cos(𝑁𝑘∆)

𝑁
]

𝑇

,  
(6) 

�̿� =
4

∆2𝑁2 [
1−cos(𝑘∆)

1
,   

1−cos(2𝑘∆)

2
, … ,

1−cos((𝑁−1)𝑘∆)

𝑁−1
]

𝑇

,  
(7) 

𝛂 = [𝛼1, 𝛼2, … , 𝛼𝑁]𝑇, (8) 

the problem formulated in Equation (4) consists of 𝑁 unknowns α. Therefore, 𝑁 equations must 

be constructed to uniquely solve the problem. According to Equations (5-8), it can be found that 
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the statement �̿�(�̅�𝑻𝛂 − 𝑘2) in Equation (5) provides 𝑁 − 1 independent equations. Thus, an 

additional equation is required to find all unknown weight coefficients. It should be noted that 

Equation (5) should satisfy two physically-motivated conditions, i.e. zero static error (i.e. for 𝜔 =
𝑘 = 0) and correct group velocity at 𝜔 → 0 and 𝑘 → 0. Hence, one more constraint may be 

imposed on the parameters 𝛂 to enforce correct solution at long wavelength limit. Recalling 

Equation (4) for dispersion at long wavelength limit, yields 

𝜔2 =
4𝐸

𝜌𝑁2
∑ 𝛼𝑖

1−cos (𝑘𝑖∆)

𝑖∆2
= 𝑉2𝑘2 2

𝑁2
∑ 𝑖𝛼𝑖

𝑁
𝑖=1

𝑁
𝑖=1  , (9) 

the group velocity condition at 𝑘 → 0 then requires that 

∑ 𝑖𝛼𝑖
𝑁
𝑖=1 =

𝑁2

2
  or   𝐢𝑇𝜶 =

𝑁2

2
,      𝐢 = [1, 2, … , 𝑁]𝑇 (10) 

Equation (10) provides an additional equation to the set defined in Equation (5).   

3 RESULTS AND DISCUSSION 

3.1 Optimal BB-PD model for N=1&2 

Assuming N = 1, i.e. only the closest neighbors are included in the horizon, there is a single 

weighting parameter 𝛼1. Following Equation (10) we have 𝛼1 = 1/2. Using the dispersion relation 

of Equation (9), 𝜔2 = 2𝛼1𝑉2𝑘2 = 𝑉2𝑘2 which perfectly agrees with the group velocity at the 

long wavelength limit. Including second neighbors, i.e. N = 2, yields two weighting parameters 

𝛼1 and 𝛼2. From (10) we have the group velocity constraint 𝛼1 = 2(1 − 𝛼2). Using Equation (5), 

one will obtain  𝛼1 = 3.72 and 𝛼2 = −0.86. Numerical study for optimal BB-PD 𝑁 ∈  {1, 2} are 

introduced and validated in Figures (2(a) and 2(b)). It can be observed that there is a good fit 

between dynamic transient simulation and exact solution. 

 

Figure 2: Comparison of the solution obtained using Equation (4) (black markers) to numerical 

dispersion (grey colormaps) in the modified BB-PD. Model parameters: ∆ =1, E =1, ρ =1, ∆t =0.1 

3.2 Optimal BB-PD model for N≥3 

Optimal dispersion properties of 1-D PD for N ≥ 3 is computed. Exact, modified and original 

wave dispersion curves for N=5 are drawn in Figure (3). It can be seen that through employing 

Galerkin method wave dispersion improves significantly. Increasing the N value to 10, more 

accurate results can be achieved. The weighting coefficients of the PD bonds for N ∈ {3, 5, 10} 

are tabulated in Table 1. As pointed out in [6] negative weighting coefficients can lead to some 

difficulties using standard bond-breakage methods to simulate damage propagation. 
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Figure 3. Comparison of wave dispersion, N=5. Table 1. Weight coefficients values. 

N 3 5 10 

 𝛼1 9.08 25.03 99.99 

 𝛼2 -4.34 12.44 -50.01 

 𝛼3 1.37 8.42 33.31 

 𝛼4 - -6.13 -25.03 

 𝛼5 - 2.32 19.96 

 𝛼6 - - -16.71 

 𝛼7 - - 14.23 

 𝛼8 - - -12.56 

 𝛼9 - - 11.04 

 𝛼10 - - -4.79 

4 CONCLUDING REMARKS 

In this study dispersion properties of a nonlocal bond-based PD model were investigated. A weighted 

residual technique was employed and wave dispersion in a 1-D uniform grids model was then 

optimized. A set of weight coefficients was computed for all PD bonds inside the horizon region using 

Galerkin method. It was observed that wave dispersion in the modified PD model is significantly 

improved. It was also found that by increasing the number of nodes inside the horizon region more 

accurate results can be obtained. 
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ABSTRACT 
Water resistant sound absorbers with reduced thickness and excellent sound-absorption properties 

in the low and medium frequency range, that pass the fire tests (Federal Aviation Regulation FAR 

25.853 and FAR 25.855) which are mandatory in many engineering areas, were produced through 

an eco-friendly electrospinning process. 

It is shown that the produced PVP/silica samples may have better sound absorption properties, in 

the lower frequency range, than materials, of the same thickness, that are usually used in both the 

civil and aerospace engineering fields. 

Preliminary results suggest that the mats have potential application for thermal insulation. 

 

INTRODUCTION 

In recent years, polymers electrospinning raised very great interest for the preparation of 

polymer nanofibers with a broad range of complex architectures [1-3]. A very great advantage 
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with respect to conventional spinning processes is the possibility of producing  

micro/nanofibers ranging from two nanometers  to several micrometers [1-3]. This is the reason 

why it has been recently proposed for the production of soundproofing materials [4]. The high 

specific surface area, 100 to 10000 times greater than that of the traditional acoustical fibrous 

materials, is expected, in fact, to give high sound absorption coefficients, as a consequence of  

the higher friction between the air molecules of sound waves and the electrospun fibers and/or 

rubbing of the fibers. As it is known noise pollution is one of the most widespread problems in 

modern society and constitutes a real danger to human health [5]. In the transportation 

industries, the need to produce soundproofing materials remains a big problem to cope with. 

The available soundproofing materials, in fact, do possess good sound absorption properties in 

the high frequency range but little in the low and medium frequency range (250–1600 Hz), for 

which human sensitivity is high [6]. 

Light polymeric soundproofing materials (density = 63 kg/m3) that are of interest for the 

transportation industry fabricated through electrospinning were recently proposed by the 

authors [7-9] consisting of blankets of electrospun polyvinylpyrrolidone (PVP), with an average 

fiber diameter in the range 1–3 µm. The blankets were obtained by stacking disks of electrospun 

mats on each other. 

PVP does possess a unique combination of properties, such as good solubility in both water and 

a range of organic solvents, a remarkable capacity to interact with a wide variety of organic and 

inorganic compounds, good biocompatibility, and non-toxicity to living tissues. The PVP good 

solubility in polar solvents allowed us to obtain blankets through electrospinning of its ethanol 

solutions, with obvious advantages in term of process eco-friendliness with respect to the use 

of polymers insoluble in polar solvents. The drawback is that the good solubility in water does 

strongly limit the applications of the blankets. A solution was found [9] by heat treating blankets 

of PVP added with silica particles in order to make PVP molecular chains to crosslink. The 

silica was necessary to prevent samples shrinkage. 

RESULTS AND DISCUSSION 

Fig. 1 shows the silica particles used in the present work. They were produced by means of the 

Stöber method that allows to obtain particles dimensionally quasi monodisperse through the 

well known reactions of Sol-Gel methodology of hydrolysis and polycondensation of low 

molecular alcoxide molecules at room temperature. 

 

Fig.1 SEM micrograph of silica particles; Fig.2 Electrospinning apparatus schematic setup; Fig.3 SEM 

micrograph of heat treated  PVP/SiO2 mat 

  

The silica particles were dispersed in an ethanol  solution of polyvinylpyrrolidone, PVP (MW: 

1,300,000 g ml-1). The PVP and silica particles concentrations were 10 and 20 wt. %, 

respectively. The suspension in ethanol was electrospun so as reported elsewhere [9]in an 

electrospinning apparatus whose schematic setup is shown in Fig 2. A proper thermal cycle was 

defined [9] for the successful PVP networking. The SEM micrograph reported in Fig.3 (similar 

to the, not reported, not heat treated sample) shows that the heat treated PVP/SiO2 mat has the 

typical aspect of the woven non woven fabrics. The fibers have a bimodal distribution of 

diameters: 1.6±0.4 μm, and 330±30 nm. It was shown [9] that the particles are tightly arranged 
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inside the fibers separated by thin polymer layers. This may be the consequence of strong 

absorption interactions between the silanols (Si-OH) groups present on the surface of silica 

particles and polar groups of PVP. 

Three randomly selected samples of heat treated PVP/SiO2 mat were submitted to a water 

resistance test reported in the literature. They were placed in 30 mL distilled water. After 24 h, 

the samples were removed and gently rinsed with distilled water. The water resistance, WS, 

was determined as: 

WS = (S°- S)/S 

where S° and S are the weights of the samples before and after immersion in water, both 

evaluated after drying at 105° C for 24 h. The weight percentage change measured on three 

samples was 1.42±0.50%. The not heat treated sample, instead, rapidly disintegrated when 

exposed to water. The good water resistance may be attributed to cross-linking occurring during 

thermal treatment. 

The heat treated PVP/SiO2were submitted to two tests required by the Federal Aviation 

Administration (FAA) (Federal Aviation Regulation FAR 25.853 and FAR 25.855) in order to 

assure, in civil aircraft, prescribed levels of fire safety:  

1) Vertical Bunsen Burner Test for Cabin and Cargo Compartment Materials. 

2) Smoke Test for Cabin Materials. 

The Vertical Bunsen Burner Test determines the resistance of materials to flame. The samples 

exhibited [9] good self-extinguishing properties that may be attributed to the structure 

consisting of tightly assembled silica particles and to the partial thermal degradation that 

occurred during heating until the temperature reached 200°C. 

According to the Smoke Test for Cabin Materials the Specific Optical Density is a 

dimensionless measure of the amount of smoke produced per unit area by a material when it is 

burned. This is an important test because smoke excessively dense prevents us from seeing 

escape routes and may provoke panic. The medium measured Specific Optical Density was  

32.3 much lower than the maximum allowed value of 200 [9]. 

Thermal conductivity was measured [9] with a Differential Scanning Calorimeter (DSC) at the 

Indium melting point (156°C). The value measured (0.044 Wm-1 K-1) for the heat treated 

PVP/SiO2sample is close to the one (0.061 Wm-1 K-1 at 149 °C) reported for Microlite®AA, a 

well known Aircraft Acoustical and Thermal Insulation [10]. 

Fig. 4 shows the acoustical results collected with an impedance tube according to ASTM E 

1050-12 and ISO 10534-2. As can be seen the acoustical response of the samples is represented 

by bell shaped curves with maximum sound absorption coefficient greater than 0.9. The curves 

shift towards lower frequency and become sharper by increasing the number (and total mass) 

of the disks. A second relative maximum is observed for some curves. The second maximum 

of curves occurred at a frequency of about 3 times the one of the first maximum. 

 
Fig.4 Plots of the sound absorption coefficient as a function of frequency for various heat treated PVP/SiO2disks 

piles. 
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Fig.5 shows that electrospun PVP/silica samples may have better sound absorption properties, 

in the lower frequency range, than materials, of the same thickness, that are usually used in both 

the civil and aerospace engineering fields. 

 

 
Fig.5 Comparison of the acoustical behaviors of electrospun PVP/silica mats and glass wool 

samples marketed in civil and aerospace engineering fields of same thickness (2.5 cm). 
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ABSTRACT

Semi-analytical strategies are presented for the nonlinear vibration analysis of variable-stiffness
plates. The formulations are developed within a mixed variational framework, where the out-of-
plane displacements and the Airy stress functions are the unknowns of the problem, approximated
using the Ritz method. Three different strategies are presented for solving the discrete set of equa-
tions originating from the Ritz expansion: direct time integration, an iterative procedure based on
the Harmonic Balance Method (HBM) and the Method of Averaging. In addition, a single-mode
perturbation approach is developed, and is proposed as a suitable way for efficiently assessing the
nonlinear vibration problem of variable-stiffness plates. Comparison against results from literature
confirms the validity of the proposed models.
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1 INTRODUCTION

Considerable attention has been devoted in the past decades to vibration problems for plates and
shells involving moderately large displacements [1]. The motivations can be found in the theoretical
relevance of the phenomenon along with several practical applications, in many cases related with
structural stability problems. Several studies can be found in the literature for classical isotropic
or composite configurations [1, 2]. However, relatively few works cover this topic in relation with
variable-stiffness configurations [3, 4]. This work aims at presenting semi-analytical formulations
as a viable alternative to finite element techniques for analyzing with improved efficiency the non-
linear vibrations of variable-stiffness plates. Different solution strategies are implemented and
comparison against reference results is shown.

2 THEORETICAL FRAMEWORK

The approach is developed for the analysis of thin composite plates, obtained by the stacking of
plies with non-uniform properties, i.e. variable-stiffness plates (VSP). The orientation of the fibers
of a generic ply is specified according to the notation

〈
α|β
〉
, where α and β are the fiber’s orienta-

tions at the center and the edges of the plate. The formulation is based on thin-plate theory, where
a mixed variational functional [5, 6] is introduced for expressing the equilibrium and the compat-
ibility requirements. The functional, expressed in terms of the out-plane deflections and the Airy
stress function and including for the contribution due to inertial forces, reads:

Π∗ =− 1

2

∫
A

(
FTa(x, y)F− kTD(x, y)k + F,yyw

2
,x − 2F,xyw,xw,y + F,xxw

2
,y

)
dA +

−
∫
A

(
F,yyw0w,xx − 2F,xyw0w,xy + F,xxw0w,yy

)
dA +

∫
A

I0w,ttw dA + Π∗
load

(1)

where F and k are the vectors collecting the second derivatives of the Airy stress function and
out-of-plane displacements; the matrices a and D are the in-plane compliance and the bending
stiffness, both function of the position x, y due to the variability of elastic properties over the
plane x-y; the out-of-plane deflections and the initial imperfections are denoted with w and w0,
respectively. In-plane inertia effects are neglected, and just the out-of-plane moment of inertia I0
is considered. Following Wu et al. [7] the expansion of the unknowns is performed referring to
Legendre polynomials and boundary functions, where the membrane stresses are split into a part
related to the distribution at the boundaries and another contribution specifying the behaviour inside
the plate domain.

Direct time integration

A first strategy for solving the nonlinear dynamic problem consists in integrating the equations
of motion. The Ritz approximation is substituted into Eq. (1) and, after imposing the functional
to be stationary, the set of nonlinear equations expressing membrane compatibility and dynamic
equilibrium along the out-of-plane direction are retrieved. Whenever the loads are directed in the
out-of-plane direction, as it is considered here, the compatibility equations are time-independent.
Therefore, the problem can be statically condensed into one single set of equations expressing the
equilibrium requirements. Referring to a base of n modes, these equations are obtained as:

q̈i + ciq̇i + kiqi +
nn∑

jk=1

aijkqjqk +
nnn∑
jks=1

bijksqjqkqs = pi for i = 1, 2, ...n (2)

where the coefficients ki, aijk and bijks are obtained by numerical integration of the stiffness-related
contributions of the functional Π∗ and successive projection onto the modal basis. Viscous damping
can be added through the term ci. The equations are integrated using the Matlab ode23s scheme,
based on a modified Rosenbrock formula of order 2.

2
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Iterative procedure

A second strategy relies upon an iterative procedure based on the Harmonic Balance Method
(HBM), which can be employed for evaluating the forced steady-state response and the nonlin-
ear free vibrations. In the former case, the response of the nonlinear system is approximated as:

q ∼= Q0 +
5∑

k=1

[
Qc,k cos(kωt) + Qs,k sin(kωt)

]
(3)

where ω is the frequency of the forcing term, so super-harmonic contributions are taken as multiples
of the fundamental frequency up to the fifth order. Substitution of Eq. (3) into the equation of
motion, and successive balancing of the harmonics allows to derive the system of 11n nonlinear
equations, which are solved using a Newton-Raphson technique.

Method of averaging

The method of averaging is based on an initial description of the problem as per Eq. (2), where
a two-mode approximation is performed, q1 and q2 being the modal coordinates. By applying the
averaging procedure to eliminate time-dependence, i.e. by replacing the vibration amplitudes and
phases with their average values over the time period, the governing equations are found as a set
of four algebraic equations. Clearly, the single-mode approximation can be retrieved as a special
case, reducing the number of unknowns from four to two.

Perturbation approach

An effective strategy for analysing the nonlinear vibration response relies on a perturbation ap-
proach [8], which is essentially an extension of Koiterś approach to the case of vibrations. Main
advantage is that the nonlinear problem is transformed into a sequence of linear problems. The
unknowns, after introducing the Ritz approximation, are approximated using a perturbation expan-
sion: the out-of-plane deflections are approximated as w = ξw(1) + ξ2w(2) + ..., where ξ is the
perturbation parameter, and similarly is done for the Airy function.

3 RESULTS

Exemplary results are presented to illustrate the comparison between the different methods pre-
sented above and reference numerical simulations from the literature [4, 9]. The full plate prop-
erties are not reported here for the sake of conciseness, but can be found in the referenced works.
In all the examples, the boundary conditions are those of a fully clamped panel with immovable
edges. The first example deals with a variable-stiffness plate with stacking sequence given by
[
〈
135|90

〉
,
〈
−90| − 45

〉
,
〈
90|45

〉
,
〈
45|0

〉
]s. The nonlinear free vibration response is assessed in

Figure 1(a), where the comparison is presented against the backbone curve obtained in Ref. [4].
Note, due to the close matching between the results, they are presented using markers and not con-
tinous curves. In the case of the direct integration approach, the procedure is quite cumbersome, as
integration needs to be carried-out for a sufficiently large number of periods. Furthermore, several
frequency response curves need to the traced to derive the final backbone plot. In this example, a
11-dof model is considered, with a concentrated force applied at the center of the plate (magnitude
f = 0.7N ) and accounting for a slight damping factor (ξ1,1 = 0.0325).
A second example regards the forced nonlinear response of the variable-stiffness plate analyzed
by Akhavan [9], whose lay-up is [

〈
90|45

〉
, 90,

〈
90|45

〉
]s. The load is introduced in the form of a

uniform pressure with magnitude equal to 2×104 N/m2. No damping is accounted for. The results
are reported in Figure 1(b) in terms of maximum nondimensional deflection versus nondimensional
frequency ω = ωa

√
ρ/E22. Even in this case, close matching can be observed between the present

results and those of Ref. [9], where the p-version finite element and third-order plate theory are
used. In both cases, computations are carried out very effectively, with times ranging from 0.5 s
to few minutes (on a laptop with Intel i7 4.00 GHz, 32 GB of RAM). The perturbation technique
is particularly effective, as fractions of a seconds are needed to trace the plots with a two-term
expansion. Iterative procedure and method of averaging require, in general, few seconds, while
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(a) (b)

Figure 1: Comparison between different methods and reference results: (a) backbone curves, (b)
frequency response curves.

numerical integration is the most computationally intensive approach, requiring a total time of the
order of a few minutes.

4 CONCLUDING REMARKS

A semi-analytical strategy has been presented for analyzing the nonlinear vibration response of
variable-stiffness plates. The formulation is general enough to allow any set of flexural boundary
conditions to be studied, while free, movable and immovable edges can be considered with respect
to the in-plane motion. Four different strategies were proposed for solving the nonlinear equations
available from the Ritz discretization: direct time integration can be relatively time-consuming, but
the three other strategies are extremely attractive in terms of computational time. This is particularly
true for the single-mode perturbation approach: the solution is obtained as a sequence of linear
problems, and fractions of a second are required for the problem to be solved. These features
render the proposed approaches particularly suited for gathering insight into the nonlinear vibration
response of variable-stiffness configurations, a relatively new field demanding further investigation.
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ABSTRACT 
 

In the aerospace field, passive safety of aircraft is among the most critical aspects to take into account 

during the current design practice. For this reason, several tools are nowadays available to improve 

the aircraft crashworthiness performances. Among these, numerical modelling plays an important 

role and numerical optimization procedures, which require the use of light, in terms of computational 

costs, and flexible models, are increasingly used. This article deals with the development of a 

simplified finite elements (FE) numerical model, for optimization purpose. The modelling starts from 

an established FE model of a full-scale composite fuselage section, already validated with respect to 

an experimental test, under a vertical drop test loading condition. The main goal is to reduce 

computational costs with respect to this FE model and, thus, to have a starting point for an 

optimization process for crashworthiness design purposes. In this paper, the FE model and its 

simplification procedure are described. Subsequently, a numerical-numerical comparison has been 

herein presented in terms of structural behavior under vertical drop test condition. 
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1 INTRODUCTION  

Numerical modelling is assuming an increasingly important role in the current design practice, 

especially for the development of aeronautical structures with focus on crashworthiness. It allows 

using less human and economic resources as well as saving time; for instance, the complexity of 

setting up experimental tests for drop tests of fuselage sections [1,2]. Numerical simulations have been 

becoming necessary especially in the pre-test phase to predict phenomena that may occur during the 

real experimental tests [3-4]. Virtual structural optimizations take on a fundamental position in this 

framework, allowing improving crashworthiness performance characteristics of a preliminary model, 

which however should be light, since the large number of scenarios that may be analyzed. It follows 

that, to achieve solutions in reasonable simulation times, many answers have been came up [5, 6]. In 

addition, such simplifications can be also useful for further structural improvement methods being not 

properly optimizations [5-8]. 

In this paper, a simplified model of a fuselage section for crashworthiness improvement 

simulations will be discussed. 

2 FE MODEL AND LOAD CASE DISCUSSION 

The starting point for this work is a FE model of a fuselage section, entirely made of composite 

materials, already used to simulate in detail a vertical drop test event to which a full-scale test article 

was presented by authors in [1]. In previous works, a good correlation was achieved and shown, both 

in terms of accelerations and failures, in accordance with the experimental data [1, 4, 9, 10]. The 

current idea is to exploit this model to carry out structural optimization analysis in order to obtain 

better crashworthiness performances. Of course, the first step should be to make a simplified version 

of the numerical model to cut down computational costs. Herein, this phase is going to be discussed. 

As first thing, a subsection consisting in only two frames has been extracted from (Figure 1).  

 

 
 

Figure 1. Extrapolation of the simplified model from the complete one. 

 

Then, many simplifications have been made, among which the most noticeable are: 

replacement of seats, dummies and the balancing mass with concentrated masses (Figure 1); 

replacement of floor beams solid bolts and struts pins with 1D rigid elements (Figure 2), letting the 

rotation around their main axis free; modelling the material behavior of the parts above the floor as 

purely elastic, since failures are not detected in this zone; deletion of various components which do 

not influence significantly the results.  
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Figure 2. Example of simplification. 

 

In addition, in order to take into account the effects of the removed fuselage sections, 

symmetry constraints have been applied to the nodes positioned on the two cutting planes of the 

simplified model. The loading condition consists of a vertical drop test onto a rigid wall. In order to 

develop a reliable simplified model, the energy aspect has been considered: its starting kinetic energy 

must be equals to the maximum internal energy of the subsection belonging the complete model under 

the same impact condition. As a result, it is possible to set up both mass and initial velocity necessary 

for the execution of the load case of interest. 

3 RESULTS AND CONSIDERATIONS 

The explicit solution has been run by using the commercial code LS-DYNA® for 100 ms of 

simulation. The calculation time is about 6 hours; a considerable reduction compared to about 47 hours 

of the complete model (≈ -87%) [1, 9]. A comparison of structural response between the simplified 

and the complete models is shown in the Figure 3. 

 

a)  b)  

 

Figure 3. Failures involving both complete (a) and simplified (b) models. 

 

Larger failures for the simplified model are evident, especially with respect to rigids substituting 

bolts and pins. Besides, the plot of the internal energy comparison is illustrated in the Figure 4. 

The disagreement between the two curves remains within about 10%, demonstrating the 

reliability of the simplified model. However, improvements are certainly possible. 
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Figure 4. Comparison of internal energies. 
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ABSTRACT

Today there are several new and interesting Nano-particle materials on the market providing good
electrical conductivity. Examples are carbon Nano-tubes and different versions of graphene deriva-
tives, often provided as powder. In particular, the materials available were Multi-Walled Carbon
Nanotubes in Epoxy matrix and Reduced Graphene Oxide (rGOH). An initial literature survey un-
derlined the lack of measurements and information about the conductivity of these materials during
heating up or curing. This work is part of a larger project aiming at producing ”sensing structural
composite material”, i.e. a composite material with integrated Nanoparticles, as eg. Carbon-
nano-tubes or graphene, working as sensors reporting the status of the material during heating up,
curing and/or tensioning. The principal results concerns the evaluation of the specific conductivity
during heating for both materials (rGOH and MWCNT in Epoxy Matrix) with the realization of
an experimental model for the gradient of the specific conductivity with temperature. The linearity
underlines the possibility of using the properties of these materials to create sensors, not only for
strain (with the advantage of high Gauge Factors), but also for temperature.
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1 INTRODUCTION: CARBON NANOTUBES AND GRAPHENE

The principal aim of this experimental work is to study thermal sensible properties of Graphene and
Multi Walled Carbon Nanotubes (MWCNT). In particular, the materials available for experimental
investigations are Carbon Nanotubes in Epoxy matrix and Reduced Graphene Oxide (rGOH).

Carbon nanotubes (CNTs) are tubes made of carbon with diameters typically measured in
nanometers. Carbon nanotubes often refers to single-wall carbon nanotubes (SWCNTs) with di-
ameters in the range of a nanometer. They were discovered independently by Iijima and Ichihashi
[1] and Bethune et al. [2] in carbon arc chambers similar to those used to produce fullerenes. Car-
bon nanotubes also often refer to multi-wall carbon nanotubes (MWCNTs, also sometimes used
to refer to double- and triple-wall carbon nanotubes) consisting of nested single-wall carbon nan-
otubes. Carbon nanotubes can exhibit remarkable electrical conductivity. They also have excep-
tional tensile strength and thermal conductivity, because of their nanostructure. These properties
are expected to be valuable in many areas of technology, such as electronics, optics, composite
materials (replacing or complementing carbon fibers), nanotechnology, and other applications of
materials science.

A more detailed view has been considered on the effect of CNT inside Epoxy matrix. The
mechanical and electrical properties of the composite with different weight percentages of nan-
otubes have been investigated in [3]. Conductivity measurements on the composite samples showed
that the insulator-to-conductor transition took place for nanotube concentration between 0.5% and 1
wt.%. The electrical and thermal conductivities of epoxy composites containing 0.005 \ 0.5 wt% of
single-walled (SWNTs) or multi-walled (MWNTs) carbon nanotubes have been also studied in [4].
The MWNT composites had an electrical percolation threshold of 0.005 wt%, whereas the thermal
conductivity of the same samples increased very modestly as a function of the filler content.

Graphene is an allotrope of carbon in the form of a single layer of atoms in a two-dimensional
hexagonal lattice in which one atom forms each vertex. Graphene has a special set of properties
which set it apart from other allotropes of carbon. In proportion to its thickness, it is about 100
times stronger than the strongest steel. It conducts heat and electricity very efficiently and is nearly
transparent. In its traditional form, graphene is one atomic layer thick and usually exists as a film
of sorts; however, the proliferation of graphene research and testing has led to the creation of vari-
ous graphene forms, each used for unique purposes. These forms include graphene films produced
through chemical vapor deposition (CVD), graphene oxide (GO), reduced graphene oxide (rGO)
and graphene nanoplates (GNPS). The material studied in this thesis project was Reduced Graphene
Oxide. There are numerous ways to produce rGO such as annealing, hydrazine vapor treatment,
and microwave reduction.

Studies conducted on thin graphene layers underline the possibility of temperature sensing
applications. In [5], a temperaturedependent study of thermal (10300 K) and electrical (103000
K) transport in annealed RGO films indicates the potential application of RGO films for sensing
temperatures across an extremely wide range. Also applications with a highperformances flexible
temperature sensor composed of polyethyleneimine and rGO have been realised [6]. The prepared
sensor exhibits high sensitivity (1.30% ◦C−1), linearity (R2 = 0.999), accuracy (0.1 ◦C), and dura-
bility (60 d) for temperature sensing between 25 and 45 ◦C.

2 EXPERIMENTAL

2.1 Set-Up

Principally the evaluation of the specific conductivity of the different materials has been realized
by a Bio-Logic Potentiostat and two different ovens. Temperature measurements in the ovens have
been made by a thermocouple and the different geometric data have been measured using a caliber.
To collect data from different sources a LabView Script has been realized. Finally Matlab has been
used to post process results.

2.2 MWCNTs in Epoxy Matrix

As concerns the CNTs forest impregnated by a epoxy film (from Hexcel) on Steel Sheets, the
mean value of conductivity for cured samples is about 0.24 (S/m). Moreover the variance of the
values obtained from different samples (with different number of layers and different geometry) is
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6.7× 10−4. It was also interesting to collect data on the level of current during heating up in order
to study the sensing properties of the Carbon Nanotubes.

Figure 1. Sample and Measurements during curing

Considering the geometry of the sample a value of dσ/dT (S/m)/◦C has been get. The mean value
of dσ/dT is 3.45E-4 (S/m)/◦C. The value of conductivity during the cure has been also measured.
On average the value of conductivity has been increased by the treatment (considering the value
0.24 S/m), but the values are not stable. After that, the support of the nanotubes has been replaced,
using a carbon fibre prepreg. The principal problem with this kind of acquisition is linked with the
mechanical characteristics of the prepreg before curing. Moreover the curing process has squeezed
the matrix making not easy the following measurements. The principal problem is linked with the
clamping and with the fact that the samples do not offer a continuum field for the propagation of
the current. To understand (at least) if there is a dependence from the temperature of the value of
the conductivity, the samples have been tested during heating up and cooling down cycle: there is
a dependence from the temperature of the value of the current (we can see it considering the abrupt
decreasing of current after the abrupt cooling down).

2.3 Graphene (rGOH)

As for the MWCNT we studied the conductivity of a Reduced Hydrogenated Graphene Oxide (a
coated Kapton film from Danubia NanoTech [7]) in different conditions starting from a Single
Layer configuration. Each layer is 0.5cm*4cm. First of all, a single layer of rGOH has been
analysed. Clearly, to define a conductivity is necessary to define the resistivity of the material. In
this case is not simple because we should have the area of the cross section of the film. Graphene
films exhibits a stable behaviour. The value of the current seems to depend weakly from the sample
and clearly the difference is due to different geometric characteristics and imperfections. The law
tesion/current is linear. At this point, we put the graphene layer inside a prepreg sandwich made up
of 4 layers. We have noticed a weak growth of the current for a fixed level of voltage (1V ) from the
previous test. This phenomenon could be explained considering that the prepreg has a better value
of conductivity, so putting the film inside it we increase the global conductivity of the sample. At
this point the samples have been cured under vacuum. In order to avoid the oxidation of the film,
we waited the Tamb before removing the samples from the vacuum pump. After that we have tested
the samples with the potentiostat at Tamb. The value of conductivity seems to be unchanged. The
next step has been to measure the level of current for a fixed voltage during heating up. In Figure
2.3, the Temperature is measured in the oven, while the sensor measures inside the material. The
delayed signal is therefore due to heating up. Moreover, to avoid the oxidation of the samples, they
have been placed under vacuum. This has made the measurements quite unstable and complicated:
first of all the action of the vacuum make worse the grip of the cable, then, since the film is very
fragile, the action of the pup has destroyed most of the samples. For the survived ones we have
realized a linear model where the samples exhibit a linear behaviour increasing temperature. Using
that linear model we obtain a value of dI/dT = 0.0001173 with a Root Mean Squared Error:
0.000346. (according to the F-test we can apply the linear model; F-statistic vs. constant model:
739, p-value = 1.08e-34). Further tests should be done to have a more numerous selection of values
of the dI/dT , but the principal future goal is to find a way to test the samples under vacuum without
destroying the most of them!
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Figure 2. Sample and Measurements during Heating

3 CONCLUSION

Talking about the MWCNTs, the most of the results have been obtained for the case study of
Metal Sheets with MWCNTs inside epoxy matrix. In this case there were enough data to realize
and experimental linear model for the gradient of the specific conductivity with temperature. As
concerns rGOH, also this time we could estimate a value for the dσ/dT , but probably the most
interesting results is that to perform this kind of experiment a complete different set-up is needed in
order to measure in a more easily way the current through the material. A solution could be the use
of an hot press. Another important result is that to avoid the oxidation of the graphene film during
heating and curing, the measurement of the conductivity must be realized in a vacuum package.
On the whole, we can say that the linearity of the law dσ/dT underlines the possibility of using
the properties of these materials to create sensors, not only for strain (with the advantage of high
Gauge Factors), but also for temperature.
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ABSTRACT 

 
The aim of this work is to perform an experimental and numerical investigation of the dynamic 
behavior of a planetary gear set. Measurements are performed using a specific test bench and are 
compared with numerical results obtained from an efficient computational scheme. Two similar 
planetary gear sets are considered in order to study the influence of tooth profile modifications on the 
static transmission error and on the dynamic behavior of the planetary gear set. The first sample 
consists in standard gears without tooth modifications, while in the second sample, sun gear and 
planets have with tip relief corrections. First, the internal parametric excitations, corresponding to 
the static transmission errors (STE) and the mesh stiffness fluctuations, are characterized. Then, the 
dynamic behavior is investigated. The comparisons between numerical results and measurements 
show that the computational scheme leads to satisfying results. 
 

1 INTRODUCTION 

Planetary gear sets provide high gear ratio in a compact package. They are widely used in automatic 
gearbox transmissions of hybrid vehicles, energy production systems such as wind turbines, home 
automation applications such as shutter and blind [1]. Compared to cylindrical gears with fixed and 
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parallel axes, predicting and controlling the whining noise emitted from a planetary gear set remains 
a difficult problem because of the coupling between the multiple gear meshes and the mobility of the 
planet axes. It is assumed that the main source of excitation corresponds to the static transmission 
error (STE) and the mesh stiffness fluctuations generated by multiple gear meshes [2-4]. The STE 
mainly results from tooth deflections, tooth surface modifications and manufacturing errors. Under 
operating conditions, they induce dynamic mesh forces transmitted to the housing through wheel 
bodies, shafts and bearings [5]. Housing vibratory state is directly related to the radiated noise [6]. 
Although several previous studies deal with the dynamic behavior of planetary gear sets [7-10], few 
experimental data are available in the literature, especially concerning the influence of tooth profile 
modifications on the dynamic behavior. This study presents the experimental investigation of the static 
transmission error and the housing vibratory state of planetary gear sets under various operating 
speeds. Measurements are compared with numerical results obtained from an efficient computation 
scheme [11, 12].  

2 PRESENTATION OF THE PLANETARY GEAR SETS AND THE TEST BENCH 

The experimental investigation of the dynamic behavior is performed using two samples of a planetary 
gear set developed for several industrial applications. It is designed with one stage, three planets and 
spur gears. The input is the sun gear and the output is the planets carrier, letting the ring gear fixed.  
 

 
Figure 1. The test bench. 

 

3 STATIC TRANSMISSION ERROR: CORRELATION BETWEEN MEASUREMENT 
AND NUMERICAL MODEL 

The measurement of STE is usually performed for very low rotational speed, here at 60 rpm. The 
applied output torque is 50 Nm. This value is lower than the capacity of the planetary gear, but the 
motor characteristics do not allow long measurement with a higher torque. The overall STE 
fluctuations between the sun-gear and the carrier are deduced from the input and output instantaneous 
rotation speeds measured thanks to the optical encoders. The spectral contents at mesh frequency 
harmonics are extracted and the STE is rebuilt from those spectra. 
Comparisons between time evolutions show a very good agreement between experiments and 
numerical results in terms of amplitude. This confirms the ability of the proposed method to accurately 
describe the transmission error. Nevertheless, comparisons between spectral contents show that the 
fourth first orders are correctly estimated for all configurations, except for the 
modified/counterclockwise. Higher order harmonics remain difficult to measure and to predict. 
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4 DYNAMIC RESPONSE 

The dynamic response of the planetary gears set is computed for the four configurations previously 
presented. For each configuration, STE, taken as excitation source, is computed with the actual mean 
micro-geometry values extracted from gear metrology reports. 
The dynamic response is computed using a method described in [6]. The computational scheme is 
summarized on Figure 2. First, simulations are compared to experimental results. Then, the different 
test cases are considered in order to evaluate the influence of tooth corrections on the housing vibratory 
state.  
Comparison between simulations and measurement of the quadratic mean value of the acceleration in 
function of the input rotational speed. Differences can be explained by the discrepancies observed in 
the metrological reports between the left and right flanks of the gears teeth. Nevertheless, it is well 
known that the gear manufacturing tolerances have an important impact on the gearbox noise 
variability [13, 14]. 
 

 
Figure 2: From STE to housing vibratory state, the complete computation scheme. 

5 CONCLUSION AND FUTURE WORK 

In this paper, the static transmission error and the dynamic behavior of a planetary set for a large range 
on input speed are investigated in actual context, both experimentally and numerically. Comparisons 
between numerical simulations and measurements show the ability of the proposed numerical model 
to compute the overall STE and to predict accurately the housing vibratory state, responsible of the 
whining noise. The order tracking of dynamic response shows a multi-harmonic behavior, mainly 
driven by internal parametric excitations. Regimes corresponding to main resonances are identified. 
Amplitudes of the overall STE and the evolution of the dynamic response in function of the input 
velocity are well predicted for most of harmonics and tested configurations. Investigation of several 
samples and configurations of the planetary gear set allows analysis of the influence of tooth profile 
modifications. Other test case are planned, which will provide an in-depth look at the planetary gear 
set behavior, in particular the fact of having voluntarily different corrections between planets. 
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ABSTRACT 

Nowadays helicopters, thanks to its unique vertical take-off and landing properties, play significant 

roles in transportation, medical rescue, aerial detection, and so on. However, the possibility of an 

accident must be taken into account from the first design phases, trying to adopt all possible 

solutions to minimize the consequences due to possible crashes. In particular, approximately 15 % 

of the injuries and deaths in helicopter accidents are caused by fuel ignition on account of the fuel 

tank failure. In this context, a methodology to predict the tank behaviour during the crash, can be 

conceived. This paper provides a comparison between two numerical models, developed by means 

of different software: Abaqus and Ls-Dyna, and experimental test came from literature, in order to 

assets the capability in simulating this kind of events.  

1 INTRODUCTION 

Nowadays, helicopters are widely used in military and civil fields owing to its unique 

vertical take-off and landing properties, excellent hover performance and low-speed characteristics. 

It is becoming increasingly obvious that helicopters play significant roles in transportation, medical 

rescue, aerial detection, and so on. During the operative life of a generic aircraft, and therefore also 

of a helicopter, it is possible that it could incur into dangerous situations such like an emergency 

landing or worse scenarios. Even if several attempts have been made to improve helicopter 

crashworthiness and passenger safety level during the critical events, the crashes could generate 
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serious injuries and even the death of occupants. According to the statistics, approximately 15 % of 

the injuries and deaths in army and civilian helicopter accidents are caused by fuel ignition on 

account of the fuel tank failure [1]. Consequently, the crashworthiness is the crucial concern in the 

design of a helicopter fuel tank to improve the survivability of aircraft occupants and structures 

under crash situations [2]. Since the 1960s, the US army has issued the first military regulations 

(MILDTL-27422) that defines the performance requirements for helicopter fuel tanks to eliminate 

post-crash fire after an emergency landing [3]. As described in the MIL-DTL-27422, the drop 

impact test must be conducted to check the dynamic response of the fuel tank. Numerical models for 

the analysis of water sloshing in a fuel tank during crash was developed and verified by 

experimental results, which generates four different models to simulate the water inside the tank [4]. 

Luo et al. [5] analysed the crashworthiness of fuel tank for helicopter by utilizing the finite element 

method (FEM) for the purpose of validating energy-absorption capabilities of the textile layer and 

protection frame. Kim and Kim [6] numerically simulated crash behaviour of fuel cell group of 

rotorcraft based on the smoothed particle hydrodynamics (SPH) method by utilizing the commercial 

software LS-DYNA. In this paper two numerical models for the prediction of fuel tank crash was 

developed and verified by experimental results find in literature. Numerically the behaviour of fuel 

have been simulated by means of algorithm based on the smoothed particle hydrodynamics (SPH) 

method by utilizing two commercial software LS-DYNA and Abaqus. 

2 EXPERIMENTAL TEST 

In order to validate the numerical model, experimental data find in literature was used. A soft 

tank realized with one layer of nylon woven fabric composite material and 760 mm long, 760mm 

wide and 600 mm high and full of water (350 kg) was used as reference in this work [7]. In the drop 

test the tank falls freely and drops on a rigid surface, on which four pressure sensors are installed in 

order to record the time-history reaction force. The reference [7] reports two different experimental 

test which are performed with two different set of impact parameters: drop height equal to 15.2 and 

19.8 m that correspond to an impact velocities equal to 17.3 and 19.7 m/s, respectively. 

3 NUMERICAL MODEL 

3.1 Finite element model 

The experimental test is simulated by 

means of a FE model composed by three parts: 

the fuel tank, the ground and the fluid inside the 

fuel tank. In particular, the fuel tank is realized 

by using shell elements with a thickness of 2 

mm, the ground is treated as a rigid body and 

hexahedral elements is used for the fluid.  

Figure 1 FE Model 

3.2 Smooth Particle Hydrodynamics method (SPH) 

The Smoothed Particle Hydrodynamics (SPH) are represented by three-dimensional 

elements with three degree of freedom and defined by their centre of mass. These elements have 

their own shape functions that depends on the connectivity of the particles. The interpolation 

distance between the particles, called smoothing length, furnish the location and gave information 

about the transmission among the different particles. In the SPH approach the water is simulated as 

particles with the same dimensions and distances without mass. 
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3.3 Water material model 

The behaviour of the fluid material inside the fuel tank is regulated by the equation of state 

(EOS) relates pressure to a specific change rate of the material volume at a physical state. The Us-

Up equation is chosen for the water formulation. 

3.4 Tank material model 

The fuel tank is composed by a crash-

resistant layer made of textile. The mechanical 

characteristics of this material is find out by a 

uniaxial tensile tests of the woven material. It is 

tested that the density of the woven material is 1150 

kg/m
3
. The average thickness of the woven material 

is 2 mm. Stress–strain curves of the woven material 

is reported in Figure 2. 

 

4 NUMERICAL RESULTS 

The comparison, between Ls-Dyna and Abaqus, of deformation modes of the fuel tank is 

shown in Figure 3. The figure shows the deformation of the tank in six different time step. The 

images seems to put in evidence that the model realized with Ls-Dyna is more rigid than Abaqus 

model. In particular the frames at time step 4 and 5 show that tank made up with Abaqus is more 

sagged than the other. 

 

 

 

Figure 3 Comparison of deformation modes of the fuel tank between Ls-Dyna (on the left) and Abaqus (on the right) 

 

Figure 4 shows the time histories of the reaction force on the rigid impact surface. It is 

possible to note that both codes are able to reproduce, with a good accuracy, the general trend of the 

dynamic event. The first two peaks represent the total tank sag on the soil, which lasts about 20 ms. 

After that in the numerical simulations the tank starts to rebound and therefore the reaction force 

Figure 2 Stress–strain curves of the woven material 
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goes to zero within 20-30 ms. The figure shows that the peak of the resultant force at the impact 

instant is similar between the numerical and the reference values. 

In particular, the experimental value is 

about 622 kN, instead the maximum force 

evaluated by Abaqus is 637 kN (+2.4 % 

respect experimental value), and the value 

obtained with Ls-Dyna is 607 kN (-2.4% 

respect experimental value). Furthermore, the 

second peak of force underline, how 

previously observed, that the Ls-Dyna model 

is more rigid than Abaqus one. 

 Figure 4: Impact force: Numerical and reference data 

5 CONCLUSION 

The present work provides a numerical investigation on the crashworthiness of bladder tank 

for aeronautical application. The test case assumed as reference represent the standard tank in 

according to the MIL-DTL-27422. In particular, two different commercial code was used to 

simulate the experimental test came from literature. For both code the same geometrical and FE 

models and the same material models were adopted. The obtained results highlighted that both code 

are able to simulate with a good accuracy the first parts of the experimental test. Actually the error, 

in terms of maximum reaction force is small that 3%. After the first peak, that both codes replicate 

very well, the results diverges a little bit. Ls-Dyna model seems to be stiffer than the Abaqus one, 

since the Ls-Dyna second peak is higher than the Abaqus one. Further, the response time are 

different and this aspect lead to suppose a slight stiffness in the Ls-Dyna model. Despite that, the 

numerical results are very good, especially considering the complexity of the analysed problem. 
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ABSTRACT 
The T-WING project is a Clean Sky 2 research project aimed at designing, manufacturing, qualifying 

and flight testing the new wing of the Next-Generation Civil Tiltrotor Technology Demonstrator 

(NGCTR-TD. Requirements, design strategy, methodology and main steps followed to achieve the 

composite wing design are presented. The main driving requirements have been expressed in terms 

of structural, dynamic, aeroelastic and functional requirements and wing preliminary loads. Based 

on the above-mentioned requirements, the first design loop is performed by targeting an optimal wing 

structure able to withstand preliminary design loads, and simultaneously with stiffness and inertia 

distributions leading to a configuration free from flutter within the flight envelope. The outcome from 

the first design loop is then used to build a global FEM, to be used for a multi-objective optimization 

performed in ALTAIR OptiStruct environment.  

1 INTRODUCTION 

Horizon 2020 Clean Sky 2 FRC IADP NextGenCTR will be dedicated to the design, 

construction and flying of an innovative Civil Tiltrotor technology demonstrator [1-3]. NGCTR’s 

demonstration activities, led by Leonardo Helicopters (LH), will aim to validate its architecture, 

technologies/systems and operational concepts, with significant improvement with respect to the 

current state-of-the-art tiltrotors. The NGCTR-TD is characterized by a different concept for the tilting 

mechanism with respect to the upcoming LH civil tiltrotor platform: a fixed engine installation with a 
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split gearbox to provide the proprotor tilting mechanism, based on new capabilities in aerodynamic 

and structural analysis, design, and next-generation 

manufacturing and assembly principles. This will 

also allow important operational cost reduction to 

address the competitiveness of the architecture and 

solutions adopted.  T-WING consortium is working 

on the composite wing of the NGCTR-TD planned 

to be flying in 2023. The task undertaken by the 

consortium is aimed at designing, manufacturing, 

qualification and flight-testing of the wing and 

moveable surfaces of the NGCTR-TD, whose 

design is based on the requirements defined in cooperation with LH, the Work Area Leader. Once the 

wing will be manufactured and qualified, it will be assembled to all the other components of the 

NGCTR-TD. The last step of the development consists of a flight test campaign which will lead to the 

validation of the flight loads used for the preliminary design of the wing. Among the main 

technological advances of the NGCTR-TD with respect to current tilt rotors technologies, the 

following characterize the new vehicle: a new high efficient wing in helicopter mode by means of a 

rotating outboard flaperon and a large morphing surface that reduces the wing area beneath the rotors 

during hovering; a highly integrated composite wing structure; a compact structural wing box, since 

almost half of the wing chord-length is dedicated to the large moveable surfaces. 

2 STATE OF ART 

The tiltrotor represents the overcoming of the helicopter’s limitations for a fast and reliable 

point to point connection or intercity flights and in order to improve public mobility and access to air 

transportation. Indeed, the tiltrotor combines the maximum cruising speed, range, endurance and 

payload of the airplane with the vertical lift capabilities of a helicopter. Although many tiltrotor 

concepts have been developed, few have actually flown, namely the NASA’s XV-3 and XV-15, the 

Bell’s military tiltrotors V22 and V280 and, finally, the AW609, currently subjected to certification 

process for use in the civil sphere. 

3 REQUIREMENTS 

Being the tilt-rotor able to operate as both a helicopter and an aircraft, the airworthiness 

specifications are both taken from CS-25 and CS-29 Airworthiness Requirements, and from brand-

new requirements introduced specifically for tilt-rotors [4]. The wing box architecture and rib spacing 

of the NGCTR-TD comes out mainly from the fuel capacity requirement. The available internal space 

is maximized to host fuel bladders, hydraulics, electrical and avionics equipment, the control surface 

actuators and the driveshaft connecting the gearboxes of the tilting mechanism. Once the wing will be 

connected to the fuselage several flight mechanics requirements to be satisfied. Dynamic requirements 

concern the limitations on the natural frequencies of the wing to grant no coupling between wing 

modes and FCS/ rotors modes [5]. In addition, in the preliminary design of a tiltrotor with the lowest 

possible weight, the wing structural design, in terms of skin and wing box components thicknesses, 

has to cope with strength, buckling and stiffness requirements, the latter mainly dictated by 

fundamental aeroelastic requirements. Once preliminary sizing has been achieved, Finite Elements 

Models (FEM) and Digital Mock Up can be set up to verify compliance with all the remaining 

requirements, such as wing preliminary loads, accessibility, assembly & integration and to assess 

manufacturability. 

4 DESIGN STRATEGY 

Based on the above-mentioned requirements, the design strategy is composed of two main 

phases (Fig. 2). The first phase (top of Fig 2) consists in a multi-objective optimization (M-OO) [6-

Figure 1 NGCTR 
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7], looped with aeroelastic analyses, mainly consisting of Matlab in-house codes (based on classical 

shear flow formulas in closed thin-walled sections and panel buckling formulas), that allow 

performing optimization runs in a very short time (compared with Finite Elements Analysis) with an 

acceptable degree of fidelity. The process aim is to find a set of feasible thickness and caps areas 

compliant with the strength and structural dynamics requirements, with the lowest possible mass: 

 A first composite wing structure able to withstand preliminary design loads, and free from flutter 

within the flight envelope is obtained. 

 The outcome from the previous step is then used to refine the model and compute more reliable 

flight loads and repeat aeroelastic analyses, returning further requirements to be fulfilled in terms 

of wing stiffness and inertia distributions.  

The second phase (bottom of Fig 2) consists in the Finite Element modelling of the wing, to 

allow a multi-objective optimization within Altair OptiStruct environment. In particular the 

optimization is performed for the composite structures (skins and spars), in order to find the best 

solution - in terms of thickness - which minimizes the structural weight and is compliant with stiffness 

(flexural and torsional), strength & buckling requirements. The Finite Element model of the wing is 

made of mainly 2D and 1D Elements. The composites components subjected to the optimization are 

modelled with equivalent PSHELL. The optimization constraints are: 

1. No buckling up to 80% of Limit Load on skin and spars; 

2. Strength Margin of Safety > 0 at Ultimate Load on composite parts (max strain criterion); 

3. Max allowed wing tip flexural displacements and torsion angle.  

The algorithm is a gradient descent optimization. A total of no. 15 Loading conditions are considered: 

no. 12 load cases for strength and buckling plus no. 3 load cases for Flexural Out of Plane Mx, 

Torsional My and Flexural In Plane Mz.  

The design variables of this optimization process are the thicknesses of the upper and lower skins and 

of the spars, all made of Carbon Fiber Reinforced Plastic. The outcome is a zonal optimization along 

the wingspan, as shown in figure 3. The optimized FEM will be used to compute new stiffness 

distributions and update structural aeroelastic stick beam model and repeat analyses. Moreover, this 

zonal optimization is the starting point of an engineered model and a detailed FEM, which will take 

into account also manufacturing constraints and it is beyond the scope of the present work.  

 

 
Figure 2. Design strategy flowchart 
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Figure 3. Design strategy flowchart 

5 CONCLUDING REMARKS 

In this paper the main steps followed to achieve the composite wing preliminary sizing of the NGCTR-

TD tiltrotor have been presented. In particular the design strategy, aimed at finding a first optimal 

solution on terms of composite components thickness, is based on a two-level optimization: the first 

one performed with engineering models (not FEM), and the latter within OPTISTRUCT FEA 

environment.  
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ABSTRACT 
 

Polymeric dampers are used in many fields for vibration isolation. These devices are based upon a 
low stiffness and high damping connection between a vibrating support and the item to be fastened. 
Whenever the connection is assured by a polymeric element, it is mandatory to be aware that 
stiffness and damping change with the excitation frequency. The characterization of stiffness and 
damping of the polymeric element in terms of storage modulus and loss modulus is commonly 
carried out at low frequency by means of a Dynamic Mechanical Analysis (DMA), nonetheless 
this approach cannot be applied at higher frequency. In the present study, a novel experimental 
approach for estimating the frequency dependent storage modulus and loss modulus in a 
polymeric vibration damper is presented. The proposed method is based on a direct measurement 
of the energy loss in hysteretic cycles and it is suitable for simple implementation using common 
instruments for vibration measurement. 

1 INTRODUCTION 

Vibration control is a relevant design requirement for several industrial applications, often 
achieved by means of passive damping technologies involving viscoelastic materials. Among 
them, elastomeric vibration isolators are widely adopted, consisting of a low stiffness and high 
damping connection between a vibrating support and the item to be fastened. Due to the 
presence of polymeric elements, to characterize the dynamic behaviour of a damper, it is of 
paramount importance estimating stiffness and damping changes with excitation frequency and 
temperature [1,2,3].  

Most commonly, experimental results presented in the literature deal with measurements of 
the viscoelastic properties of prismatic rubber elements [4] or beam–like specimens [5]. Although 
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being dealt with several papers, there is still a lack of well–designed experimental work dealing with 
the measurement of damping properties of polymeric vibration isolators. In this case the 
characterization is commonly carried out at low frequency by means of a Dynamic Mechanical 
Analysis (DMA), nonetheless this approach cannot be applied at higher frequency [6]. 

In the present study, the polymeric vibration damper is modelled as a single degree of 
freedom system, using a shaker as source of vibration. The viscoelastic properties of the system 
are described by its dynamic stiffness, a complex function of the frequency, whose real (storage 
modulus) and imaginary (loss modulus) parts are experimentally estimated. The proposed method 
is based on a direct measurement of the energy loss in hysteretic cycles, and it is suitable for 
simple implementation using common instruments for vibration measurement. 

2 TESTING EQUIPMENT 

Damping measurements are carried out on the specimen of polymeric vibration damper 
shown in  Figure 1a. The test rig (Figure 1b) is composed of a large steel mass and a Bruel & Kjear 
4808 electrodynamic shaker. Both the mass and the shaker are suspended with low stiffness 
supports. The shaker exerts a force on an aluminium disk which is connected to the large mass by 
means of the test specimen (i.e. the polymeric damper shown in Figure 1a). The instrumentation 
consists of three accelerometers and a dynamic load cell. Measured points are: 
a0: mono–axial accelerometer on the shaker; 
a1: mono–axial micro–accelerometer on the right side of the damper; 
F1: dynamic load cell on the right side of the damper; 
a2: mono–axial accelerometer on the steel mass. 
The shaker is connected to the aluminium disk by means of a stinger, in order to avoid lateral 
loading of the load cell and of the test specimen. 
 

             

 

                   (a)                                                                                                 (b) 

Figure 1. Polymeric vibration damper (a) and electrodynamic shaker experimental setup (b). 

3 EXPERIMENTAL RESULTS 

In order to characterize the damping, a cyclic loading is applied to the polymeric damper by means 
of the shaker (Figure 1b), forces and accelerations are measured during 50 hysteresis loops. In the 
following, the characterization in terms of viscous damping and of complex modulus will be shown. 

The excitation signal is a stepped sine with varying frequency from 150 to 1050 Hz 

a0 

a1 

a2 

F1 
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(logarithmically spaced). For each frequency, a sufficient amount of periods are neglected in order to 
avoid the transients then 50 periods are stored. The acceleration signal is integrated numerically in 
order to obtain the velocity; the relative velocity (v) is measured as the difference between mass 
velocity (v2) and disk velocity (v1) as well as the force F1. Consequently, the work lost in a cycle can 
be estimated as: 

                                                               
2

0
F( ) v( )d t t dt 

p
w                                                           (1) 

and the value of the equivalent viscous damping is computed according to: 
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                                                          (2) 

It is worthwhile noting that Equation 2 involves measured signals only; integrals are 
performed by Simpson’s rule. 

At low frequency there is an interaction between the stinger and the system, so that the 
response is nonlinear, and the proposed method is not reliable. Conversely, at frequencies over 500 
Hz, the response is linear, and clean hysteresis curves can be obtained. 

Thanks to performed measurements, it is possible to compute the frequency dependence of 
the real stiffness k and of the loss factor , which are needed to characterize the polymeric damper. 
Figure 2a shows that real stiffness is increased from 500 Hz to 1000 Hz by 40 %. Three different 
runs are shown, which differ for the controlled variable and for the length of the stinger. The average 
error between run 1 and run 2 is 2%. The behaviour of the loss factor  vs. frequency is shown in 
Figure 2b. Above 500 Hz, the measured values are in agreement with the expected behaviour of a 
polymer where real stiffness is increasing. At 1000 Hz the loss factor is 0.26, which is equivalent to 
a dimensionless damping of 0.13. 

 

                                   (a)                                                                                        (b) 

Figure 2. Real (a) and Imaginary (b) parts of dynamic stiffness vs frequency. 
 

Figure 3 shows a hysteresis loop on the force/displacement diagram. This plot is obtained by 
numerically integrating the measured accelerations twice. Such measurements are clean, and the 50 
cycles are almost overlapping, therefore the whole procedure of measurement and data processing is 
robust and repeatable. This robustness is particularly relevant out of resonances, where the signal vs. 
noise ratio is especially unfavourable, making the difference between the proposed method and other 
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techniques presented in the literature, as for instance Ref. [4] where the accuracy of estimates out of 
resonances is claimed, but actually it is far from being accomplished.  
 

 

                               (a)                                                                                            (b) 

Figure 3. Work lost per cycle at 1050 Hz (a) and related time history (b). 

4 CONCLUDING REMARKS 

In the present work a test rig for characterizing dynamic stiffness and damping of a polymeric 
damper is presented. While standard quasi–static procedures (DMA) provide information at low 
frequency, the current method is capable to provide data at frequencies in the range 500–1000 Hz, 
which are of high interest in the automotive field. 

A great advantage of the proposed method is that it can be implemented using standard 
vibration testing equipment, such as a small shaker, mono–axial accelerometers and a dynamic load 
cell. Measured real stiffness and loss factor curves are in agreement with the literature, and therefore 
they can used to fit a rheological model of the polymeric material, which will be useful for 
modelling purposes. 
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