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(ENTPE) and École Centrale de Lyon, and at the LVA ( Laboratory of Vibration

and Acoustics) at the National Institute of Applied Sciences (INSA Lyon), and

financially funded by LABEX CELYA (Centre Lyonnais d’Acoustique)
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”We are as the flute, and the music in us is from thee

We are as the mountain and the echo in us is from thee

We are as pieces of chess engaged in victory and defeat

Our victory and defeat is from thee, O thou whose qualities are comely!”

Rumi (1207–1273 A.D.)



Abstract

The development of lightweight structures is a significant trend across various en-

gineering sectors, such as aerospace and mechanical engineering. The significant

trade-off between weight and stiffness often leads to noise and vibration issues that

need addressing. Lightweight structures face disadvantages in terms of noise emis-

sions across a wide frequency range, necessitating optimization efforts. Composite

sandwich panels represent typical lightweight structures and find extensive use in

various industrial sectors. These panels consist of thin face sheets and a core, offering

a wide range of choices in terms of materials and architectural configurations.

Recent research has demonstrated that the vibroacoustic properties of sandwich

panels can be optimized and improved by manipulating their geometric architecture

along with mechanical properties. Several ideas have been explored to validate

the impact of geometric design on vibroacoustic indicators. This optimization step

solely considers vibroacoustic characteristics and does not take into account auditory

perception, i.e., psychoacoustic characteristics.

Some research studies have explored the connections between the physical pa-

rameters of radiating structures, particularly isotropic plates, and the auditory prop-

erties of the resulting radiated or transmitted sounds. These studies have focused

on evaluating the effects of physical parameters on auditory perception, including

structural parameters, excitation conditions, structural uncertainties, and simula-

tion parameters used in vibroacoustic calculations for modeling structures. The

outcomes have been valuable in providing recommendations for enhancing the qual-

ity of sounds emitted or transmitted by these structures from their design phase.

This thesis concentrates on both the psychoacoustic and vibroacoustic analysis

of a sandwich structure, aiming to optimize the design of such a structure while con-

sidering its sound quality. Specifically, it addresses the following issues: reviewing

the models for vibroacoustic modeling of composite panels, conducting laboratory

measurements to assess the theoretical models from physical point of view, propos-

ing a hybrid updating method for enhancing the models necessary for precisely vi-
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broacoustic modeling of composite panels, auditory evaluation of the vibroacoustic

simulation using recordings of the sounds emitted by the structure, determining the

relevant structural parameters from a perceptual perspective, and optimizing the

sound quality of sandwich structures through vibroacoustic simulations of different

designs. To achieve these objectives, this research incorporates theoretical analyses,

simulations, vibroacoustic laboratory measurements by considering both mechanical

and acoustic excitations of the composite structures, and finally psychoacoustic tests

and analyses.



Résumé

Le développement de structures légères constitue une tendance importante dans

divers secteurs de l’ingénierie, tels que l’aérospatiale et le génie mécanique. Le com-

promis important entre poids et rigidité entrâıne souvent des problèmes de bruit et de

vibrations qui doivent être résolus. Les structures légères sont confrontées à des in-

convénients en termes d’émissions sonores sur une large gamme de fréquences, ce qui

nécessite des efforts d’optimisation. Les panneaux sandwich composites représentent

des structures légères typiques et sont largement utilisés dans divers secteurs indus-

triels. Ces panneaux sont constitués de fines feuilles de face et d’un noyau, offrant un

large éventail de choix en termes de matériaux et de configurations architecturales.

Des recherches récentes ont démontré que les propriétés vibroacoustiques des

panneaux sandwich peuvent être optimisées et améliorées en manipulant leur ar-

chitecture géométrique ainsi que leurs propriétés mécaniques. Plusieurs idées ont

été explorées pour valider l’impact de la conception géométrique sur les indicateurs

vibroacoustiques. Il est à noter que cette étape d’optimisation considère unique-

ment les caractéristiques vibroacoustiques et ne prend pas en compte la perception

auditive, c’est-à-dire les caractéristiques psychoacoustiques.

Certaines recherches ont exploré les liens entre les paramètres physiques des

structures rayonnantes, en particulier les plaques isotropes, et les propriétés auditives

des sons rayonnés ou transmis qui en résultent. Ces études se sont concentrées sur

l’évaluation des effets des paramètres physiques sur la perception auditive, notam-

ment les paramètres structurels, les conditions d’excitation, les incertitudes struc-

turelles et les paramètres de simulation utilisés dans les calculs vibroacoustiques

pour la modélisation des structures. Les résultats ont été précieux en fournissant

des recommandations pour améliorer la qualité des sons émis ou transmis par ces

structures simples dès leur phase de conception.

Cette thèse se concentre à la fois sur l’analyse psychoacoustique et vibroa-

coustique d’une structure sandwich, visant à optimiser la conception d’une telle

structure tout en considérant sa qualité sonore. Plus précisément, elle aborde les
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problématiques suivantes : revoir les modèles de modélisation vibro-acoustique des

panneaux composites, réaliser des mesures en laboratoire pour évaluer les modèles

théoriques d’un point de vue physique, proposer une méthode de mise à jour hybride

pour enrichir les modèles nécessaires à une modélisation vibro-acoustique précise des

panneaux composites, évaluation auditive de la simulation vibroacoustique à l’aide

d’enregistrements des sons émis par la structure, détermination des paramètres struc-

turaux pertinents d’un point de vue perceptif et optimisation de la qualité sonore des

structures sandwich grâce à des simulations vibroacoustiques de différentes concep-

tions. Pour atteindre ces objectifs, cette recherche intègre des analyses théoriques,

des simulations, des mesures vibroacoustiques en laboratoire en considérant à la fois

les excitations mécanique et acoustique des structures composites et enfin des tests

psychoacoustiques et leurs analyses.
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Chapter 1

Introduction and State of the art

In this chapter, first, the motivation behind the research is discussed. Then the

literature review focuses on the state of the art concerning vibroacoustic studies of

composite sandwich structures, and psychoacoustic studies in related fields.

1.1 Motivation

Motivation stems from applications and usage of composite structures. In recent

years, there has been a rapid and increasingly prominent trend in the utilization

of composite materials across various industries such as aeronautics, space studies,

and transportation. Such interest in composite materials can be attributed to their

exceptional properties like their lighter weight, acceptable strength and stiffness,

enhanced stability, corrosion resistance, sound baffling for a less noisy operating en-

vironment, and design flexibility for usage in complex designs, e.g., see Kaw [2005],

Daniel et al. [2006].

In aeronautic industry, composite materials have experienced increasing acceptance

in aeronautical construction over a period of four decades Giurgiutiu [2015]. Presently,

new airframes, such as the Boeing 787 Dreamliner and Airbus A350 XWB (refer to

Figure 1.1), are predominantly made of composites, with composites accounting for

80% of the volume Giurgiutiu [2015]. Aerospace giants like Airbus and Boeing have

spearheaded the utilization of composite materials and other advanced materials in

aircraft design and manufacturing Mrazova [2013].

In the field of space studies, significant advancements in composites have occurred

since the historic Apollo moon landing in 1969, where they played a key role in

constructing the Apollo crew exploration vehicle, e.g., see Ko et al. [2007]. Recently,

NASA’s Exploration Systems Mission Directorate performed certain projects like the

29
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Figure 1.1: a) Boeing 787, over 50% of the structural components made of composite materials
Di Sante [2015] , b) The vertical composite tail plane of the first A350 XWB came out of the
paint hall, Toulouse, France, in 2012, and c) A composite fuselage section produced by Spirit

AeroSystems in North Carolina, USA, in 2011 Airbus© [2012]

Composite Crew Module (CCM) to develop a light-weight and durable crew module

for future human spaceflight missions, particularly for deep space exploration Kirsch

[2011] (see Figure1.2). The goal of the CCM project was to investigate and evalu-

ate the utilization of advanced composite materials, such as carbon fiber-reinforced

polymers, in the construction of crew modules. The majority of the CCM structure

was sandwich composites with unvented aluminum honeycomb core Collier et al.

[2008], Kirsch [2011].

Similar to aerospace industries, in transportation, composite materials offer a range

of advantages that have revolutionized the industry. The weight reduction, being one

of the main benefits of composite materials, directly translates into improved fuel

efficiency, as lighter vehicles require less energy to operate. By employing composite

materials, the transportation industry can achieve substantial reductions in unnec-

essary fuel consumption, leading to greener future vehicles (e.g. see Koniuszewska

and Kaczmar [2016], Sajan and Philip Selvaraj [2021]).

Furthermore, the increased stability provided by composites further contributes to

lasting performance and safety in transportation. Another notable advantage of

composite materials is their exceptional resistance to corrosion. Unlike traditional

materials like metals, composites are highly resistant to deterioration caused by en-
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Figure 1.2: a) The full scale CCM primary structure (Kirsch [2011]), b) an analytical model for
the CCM, illustrating the use of sandwich composite panels (green) and solid laminates (pink), c)
the sandwich composite panel with an aluminium core, used in the CCM, under sandwich to solid

laminate joint testing (Collier et al. [2008])

vironmental factors such as moisture, chemicals, and temperature variations. This

corrosion resistance ensures prolonged operation of vehicles without the need for ex-

tensive maintenance or frequent part replacements. In addition to these properties,

composite materials also provide excellent sound baffling capabilities. The incor-

poration of composites in vehicle design can effectively reduce noise levels, creating

a more pleasant and comfortable operating environment for drivers and passengers

alike. Lastly, composites offer unparalleled design flexibility, enabling the construc-

tion of complex shapes and structures. This characteristic allows designers and

engineers to optimize the aerodynamics and overall performance of vehicles, leading

to increased efficiency and improved functionality (e.g. see Koniuszewska and Kacz-

mar [2016], Fan and Njuguna [2016], Sajan and Philip Selvaraj [2021]). For more

details on various applications of composite structures, see Appendix A.

1.2 Literature review

As we discussed in the previous section, sandwich structures are common composite

lightweight structures that are widely used in the different sectors of engineering in-

dustries like aerospace, mechanical, and transportation. The panels are constituted
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from thin face sheets and a thick core offering a diversity of material choices and

architectures. In some recent research, we can find that the vibroacoustic proper-

ties of sandwich panels can be improved playing with the geometrical architecture.

Certain ideas have been explored to valid the impact of geometric design on the

vibroacoustic indicators.

1.2.1 Vibroacoustic studies

In order to have the best design for composite sandwich structures, it is necessary to

consider all possible states of their geometrical and physical parameters. Analytical

models for vibroacoustic behavior of composite panels can allow to perform a large

volume of analyses for large number of the geometrical and physical parameters

with high speed and less time. Therefore, in recent years, numerous studies have

emerged in the literature, examining the analytical modeling of dynamical behavior

in sandwich panels.

Analytical models

The initial investigation into the analytical modeling of composite sandwich panels

can be traced back to the early 1980s, when some scientists like Mead and Markus

[1969], Narayanan and Shanbhag [1981, 1982] introduced and developed the 6th order

problem for such modeling. Mead and Markus [1969] conducted a comprehensive

review of all the assumptions underlying the problem and derived the sixth-order

differential equation of motion for a sandwich rectangular plate with a viscoelastic

core, considering the transverse displacement. Building upon the study of Mead and

Markus [1969], Narayanan and Shanbhag [1981] analytically investigated the sound

transmission through viscoelastic sandwich panels, specifically focusing on the low

frequency range. Similarly, Narayanan and Shanbhag [1982] analytically studied

the sound transmission through an infinite sandwich panel that incorporated a vis-

coelastic damping layer. They obtained expressions for the sound transmission loss

and the coincidence frequency, which were based on the core parameters and the

incidence pressure angle.

In the 1990s,Renji et al. [1996] presented an analytical expression that incorporated

a core transverse shear stiffness and bending matrices in both directions for or-

thotropic panels. Their theoretical study resulted in the derivation of a governing

partial differential equation, which took into account the shear flexibility of the core.

Furthermore, Renji et al. [1996] conducted specific experiments on a representative

panel to validate their theoretical findings. The experimental results demonstrated
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a satisfactory alignment with the outcomes predicted by their theories.

The research done by Nilsson and Nilsson [2002] can be counted as another example

for the analytical models of sandwich panels, which derived a six-order differen-

tial equation governing the apparent bending of sandwich beams, using Hamilton’s

principle. In this analytical modeling, bending, shear and rotation were considered

and a method for the calculation of eigen frequencies and modes of vibration for

rectangular orthotropic sandwich plates were presented.

Design and analyses

During the design stage of sandwich panels, it is crucial to thoroughly evaluate var-

ious potential scenarios, considering both geometrical and physical parameters as

well as configurations. For example, in a study conducted by Droz et al. [2016],

diverse periodic cores were examined, aiming to enhance the transition frequency

and decrease the modal density within a specific frequency range. The transition

frequency occurs in a sandwich panel when the transverse shear stiffness significantly

impacts the flexural motion, in contrast to the bending stiffness. Droz et al. [2016]

utilized a wave/finite element method (WFEM) to compare different core construc-

tions applicable to a given sandwich panel.

Similarly, Arunkumar et al. [2016] conducted a study to examine the impact of core

geometry on the vibro-acoustic response characteristics of sandwich panels used in

the aerospace industry. The researchers performed numerical analyses to investigate

the vibro-acoustic behavior of sandwich panels with various cores. To reduce prepro-

cessing time and computational effort, Arunkumar et al. [2016] first calculated the

equivalent 2D elastic properties and utilized them to determine the vibration and

acoustic response characteristics. Furthermore, this research ensured the accuracy

of the results through validation studies on natural frequency and sound response

evaluation. The comparison between the 2D FEM and 3D FEM models revealed a

high level of agreement in their free vibration characteristics.

Meng et al. [2017] conducted a study to analyze the effects of a geometrical param-

eter on the vibro-acoustic indicators of sandwich panels. The authors performed

numerical and experimental tests to evaluate the low-frequency sound absorption

coefficient (SAC) and sound transmission loss (STL) of corrugated sandwich panels

with various perforation configurations. The study employed Finite Element (FE)

models that accounted for acoustic-structure interactions, as well as viscous and

thermal energy dissipations within the perforations. The FE calculations were val-

idated against experimental observations using additive manufacturing to produce

the tested samples. The results presented by Meng et al. [2017] demonstrated that
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compared to the traditional corrugated sandwich panels without perforations, the

corrugated sandwich panels with perforated pores in one of their face sheets exhib-

ited not only a higher SAC at low frequencies but also improved STL due to the

increased SAC. Figure 1.3 illustrates the tested samples used in the study, which

encompassed different configurations: (a) sample with no perforation, (b) sample

with perforation in the face sheet, (c) sample with perforation in the core, and (d)

sample with perforation in both the face sheet and core.

Also, in a study conducted by Zergoune et al. [2017], a modeling strategy was pro-

Figure 1.3: The four tested samples with different perforation configuration, used by Meng et al.
[2017]: (a) sample with no perforation, (b) sample with perforation in the face sheet, (c) sample
with perforation in the core, and (d) sample with perforation in both the face sheet and core

posed based on a two-scale method to analyze the flexural vibroacoustic behavior of

sandwich panels. The primary vibroacoustic indicators investigated in this research

were the sound transmission loss and the bending-shear transition frequency of the

sandwich panels. The findings of Zergoune et al. [2017] revealed that these indica-

tors are predominantly influenced by the geometrical and mechanical parameters.

Through parametric analyses, the study highlighted the effects of various meso-scale

parameters on the macro-scale responses of the sandwich panels, employing a three-

dimensional model of a representative elementary cell.

Actually, the parametric analyses conducted by Zergoune et al. [2017] revealed sev-

eral findings regarding the sound transmission loss (STL) of the sandwich panel.
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Firstly, the cell angle (α) of the hexagonal core was found to have no influence on

the STL. However, increasing the panel thickness (hc) was shown to significantly

enhance the STL at mid frequencies and raise the transition frequency. Nonetheless,

this increase in thickness may also lead to a notable decrease in the stiffness-weight

ratio of the sandwich panel. Additionally, the research demonstrated that increas-

ing the wall thickness (t) in relation to the vertical member length (h) resulted in

a moderate improvement in the STL. Furthermore, increasing the angled member

length (l) in relation to the vertical member length (h) was found to enhance the

transmission loss in the mid frequency range. Moreover, the research showed that

the overall increase in the transition frequency generally indicated an improvement

in STL, particularly at the mid frequencies. Figure has illustrated the geometrical

parameters of the composite sandwich panel analyzed in the study of Zergoune et al.

[2017].

Figure 1.4: The geometrical parameters of honeycomb sandwich panels analyzed by Zergoune
et al. [2017], including cell angle (α) , wall thickness (t), panel thickness (hc), vertical member

length (h) and angled member length (l)

Moreover, in recent years, other studies have been conducted. For instance,

Errico et al. [2020] designed two types of sandwich panels using the periodic struc-

ture theory. In this study, a double-wall panel with mechanical links and a sandwich

panel with a rectangular core were thoroughly examined. Moreover, the research
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proposes a core optimization using shifted core walls. Additionally, Guenfoud et al.

[2020] investigated multi-layer rectangular core topology systems that were con-

structed by stacking layers with various rectangular core geometries. This study

has explored various models applied to a sandwich panel consisting of a rectangular

core unit cell. Subsequently, Guenfoud et al. [2020] enhanced the panel’s design to

create a multi-layer rectangular core system. Traditionally, transition frequencies

are studied as a consequence of the dynamic behavior of the structure . However,

in this research, a novel approach was proposed to control the transition frequen-

cies through Multi-layer core topology systems (MLCTS) designs. Lastly, Ntourmas

et al. [2023] demonstrated a process for optimizing the stacking sequence of a com-

posite aircraft wing skin. In this research, a two-stage approach is implemented

to effectively meet all sizing requirements for an industrial-sized, medium-altitude,

long-endurance drone. In the first gradient-based optimization stage, the struc-

ture’s properties are modeled through generic stacks. The second optimization stage

utilizes mathematical programming to solve a Mixed Integer Linear Programming

formulation for stacking sequence optimization.

1.2.2 Psychoacoustic studies

As evident from the aforementioned studies, the primary emphasis lay on vibroa-

coustic modeling of composite panels and their associated vibroacoustic indicators,

such as acoustic absorption, sound transmission loss, and transition frequency. How-

ever, these studies typically overlooked the impact of radiated sounds from vibrating

composite panels on auditory perception. There are other types of research studies

in the recent literature that have endeavored to optimize design by coupling vibro-

acoustics and auditory perception to enhance comfort. Although most of these recent

studies have not specifically focused on composite panels, they have presented con-

siderable knowledge regarding the connections between the physical parameters of

radiating mechanical structures and the auditory characteristics of the emitted or

transmitted sounds. They aimed to evaluate the influence of physical parameters

on auditory perception. The findings of these studies can be used to offer valuable

insights and recommendations during the design phase to enhance the quality of the

sounds emitted or transmitted by the mechanical structures like composite panels.

Preliminary studies

For instance, Meunier et al. [2001] provided a combination of vibroacoustic and psy-

choacoustic investigations of sounds radiated by a vibrating structure excited either
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by a force on the structure or by an incident sound pressure. The calculated sound

field was the sound pressure radiated by a baffled thin-plate structure immersed in

a fluid. In this research, various configurations were chosen for the experiments,

each configuration leading to a particular acoustic signal. Then these signals were

changed into sound files, which were used as test signals in corresponding psychoa-

coustic experiments for assessing their perceptual attributes and quality. Finally,

based on the vibroacoustic and psychoacoustic investigations, overall, Meunier et al.

[2001] could confirm an interest of extending vibroacoustic studies to a more com-

plete psychomechanical investigation.

Another example is the study by Canévet et al. [2004] that focused on the auditory

properties and quality of sounds generated by the vibrations of a fluid-loaded plate,

which are excited by a transient point force. The researchers combined vibroacous-

tic and psychoacoustic tools to investigate how mechanical, acoustical, and auditory

parameters interact and shape the perception of these sounds. To calculate the vi-

brations in the plate and the radiated acoustic field, Canévet et al. [2004] employed

the method of resonance modes in the time domain and a Rayleigh-Kirchhoff for-

mula. In this research, a series of sounds corresponding to various combinations of

mechanical parameters was synthesized. Then a dissimilarity test was conducted to

determine the auditory space in which these sounds are perceived. Finally, the main

dimensions of this space were identified by analyzing acoustic and psychoacoustic

properties of the sounds, primarily focusing on time-frequency patterns and the time

course of specific loudness. Canévet et al. [2004] characterized the perceptual space

by three dimensions and revealed that these dimensions, in the context of its associ-

ated case study, are primarily connected to psychoacoustic and physical properties.

The first dimension was intricately connected to the time decay of signal amplitude,

influenced by the mechanical damping of the structure, as well as the duration and

position of the excitation. The second dimension was closely tied to the tonalness

of sounds and was found to be influenced by the duration of transient excitation.

Lastly, the third dimension was associated with the sharpness of sound onset, and

its characteristics were linked to both the duration and location of the excitation.

Perceptual evaluations

Demirdjian et al. [2004] conducted a psychomechanical investigation, combining vi-

broacoustic and psychoacoustic studies. The study focused on a fluid-loaded plate

that was clamped and excited by a transient point force. The main objective was

to determine whether a plate with varying thickness could be effectively modeled by

a constant-thickness plate, yielding perceptually equivalent results. The researchers
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employed psychoacoustic dissimilarity tests on synthesized sounds. The findings of

the study suggested that the listeners relied on the pitch of the sounds as the per-

ceptual attribute, enabling them to establish an equivalent thickness.

Faure and Marquis-Favre [2005] conducted a study on the coupling of vibro-acoustic

and perceptual evaluations of sounds radiated from a steel plate, while varying the

structural parameters. They proposed an approach that involves computing the

sound pressure radiated from the plate at the listener’s ears. The synthesized stim-

uli were then presented in pairs to participants, who provided dissimilarity and

preference judgments as the structural parameters were varied. Furthermore, Faure

and Marquis-Favre [2005] presented the results in terms of both vibro-acoustic in-

dicators and preference and perceptual attributes for variations in the structural

parameters. Finally, they investigated the effects of varying the structural damping

factor, Young’s modulus, thickness, density, and Poisson’s ratio of a simply sup-

ported baffled steel plate on sound perception.

Also, Demirdjian et al. [2005] conducted a comparative study on the auditory proper-

ties of sounds emitted by a fluid-loaded vibrating plate when subjected to a transient

point force excitation. The primary objective of this study was to assess the validity

of a model developed to simulate the acoustic radiation. Specifically, Demirdjian

et al. [2005] focused on a clamped steel plate excited by an impact hammer. From a

physical point of view, they evaluated both recorded and synthesized sounds emitted

by the vibrating plate. Furthermore, psychoacoustic tests were conducted to per-

ceptually validate the simulations and determine the number of modes that needed

to be considered in the calculations.

Another example of such research was Trollé et al. [2008] that concerned the effect

of the independent variation of certain structural parameters on the auditory per-

ception of environmental noises transmitted through a window. This research set

out how some structural parameters, the structural damping factor and the mount-

ing conditions, of a glass panel could affect the auditory perception of transmitted

environmental noises. Trollé et al. [2008] highlighted that 1) only the use of the

indicators of window acoustic performance does not provide a solution optimal from

a qualitative point of view, and 2) so, performing an auditory evaluation of the

transmitted noises, accompanying a physical analysis of the structure, proves to be

profitable for improvement of acoustic comfort in houses.

Furthermore, the study conducted by Trollé [2009] focused on the auditory per-

ception of sounds emitted from a vibrating plate within a damped cavity. The

main objective was to optimize vibroacoustic computations in order to improve the

quality of radiated sounds starting from the structural design phase. Within this

study, the adjustment of vibroacoustic computation parameters proved crucial when
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dealing with synthesized sounds, in order to be relevant from perceptual point of

view. The study aimed to fine-tune the maximum limit frequency and the frequency

step to a level that would ensure the preservation of perceptual outcomes related

to an optimal structural design. These outcomes were initially obtained through

auditory evaluations of a set of recorded sounds. To achieve this objective, Trollé

[2009] obtained recorded sounds from an experimental system consisting of a cavity-

backed plate. These sounds corresponded to the radiation of the plate inside the

air cavity and were recorded for various structural configurations. The experimen-

tal configurations involved controlled variations of three structural parameters: the

plate thickness, plate tightening conditions, and cavity sound absorption properties.

For psychoacoustic assessments, Trollé [2009] subjected the recorded sounds to pair-

wise evaluations by a panel of listeners. The listeners were asked to provide dis-

similarity and preference judgments. Reference perceptual results were then estab-

lished, defining a perceptual space and preference ranking. Finally, utilizing the

actual recorded sounds, Trollé [2009] aimed to accomplish two objectives: i) de-

termine an appropriate cutoff frequency through lowpass filtering of the recorded

sounds, allowing the retention of the reference perceptual results, and ii) identify

an adjusted frequency step to be applied to the sound spectra during synthesis, en-

suring the preservation of the previously established perceptual results. Building

upon the research by Trollé et al. [2008], Trollé [2009], Trolle et al. [2012] further

explored the optimization of vibro-acoustical computational expenses within the

context of evaluating sound quality in a basic plate-cavity system. The authors

aimed to identify simulation parameters that would minimize computational costs

while adhering to perceptual constraints, in order to achieve perceptual outcomes

of synthesized sounds that closely resemble the original real sounds. The diagram

depicted in Figure 1 summarizes the procedures employed by Trollé [2009], Trolle

et al. [2012]. Using vibroacoustic simulations, Trolle et al. [2012] focused on modi-

fying the computational cost of vibroacoustic analysis to evaluate sound quality in

a basic plate-cavity system. By concentrating on such a basic system, this study

eventually aimed at reaching some recommendations useful for vibrating structures,

made up of plane plates, in various environments like areas of transport and build-

ing.

McAdams et al. [2010] conducted a study on the psychomechanics associated with

simulated sound sources and the material properties of impacted thin plates. The

stimuli were synthesized using a computer model that simulated impacted plates

with varying material properties, including viscoelastic and thermoelastic damping,

as well as wave velocity related to elasticity and mass density. Based on psychoa-

coustic tests, they derived the perceptual structure from multidimensional scaling
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Figure 1.5: The procedures employed by Trollé [2009], Trolle et al. [2012] : (a) the generation of
the filtered stimulus, and (b) the synthesis of a stationary broadband noise up to the maximum

frequency and with the specified frequency resolution

of dissimilarity judgments and categorization responses. Then they could relate the

perceptual dimensions to both physical and perceptual properties: one dimension

linked to wave velocity and pitch, and another dimension tied to damping, timbre,

and duration. However, McAdams et al. [2010] argued that despite this, when par-

ticipants were tasked with categorizing the sounds, they tended to overlook cues

related to wave velocity and instead focused on cues associated with damping. Fur-

thermore, both the dissimilarity-rating and identification in their experiments con-

sistently indicated that the findings were unaffected by the material of the mallet

used to impact the plate.

Using recorded sounds radiated by impacted solid objects of varying shapes (rods,

plates, and cylinders) made of aluminum, wood, or glass, Hjortkjær and McAdams

[2016] examined similarity ratings and categorization performance in two psychoa-

coustic experiments. Regarding these experiments, sounds were recorded to repre-

sent different action categories (strike, rattle, drop) and material categories (wood,

metal, glass). Rattle sounds originated from manually rattling these objects, drop

sounds from releasing them onto a solid floor, and strike sounds from impacting

objects within the same material category. For the first experiment, participants

were tasked with rating the similarity between pairs of sounds. They achieved this

by adjusting a continuous on-screen slider scale labeled ”very similar” on one end

and ”very dissimilar” on the other. In the second experiment, participants were

presented with sound stimuli during various trials. They were then asked to identify



1.2. LITERATURE REVIEW 41

either the material (wood, metal, or glass) or the action (drop, strike, or rattle)

category.

Pulvirenti et al. [2023] conducted an analysis on the sensitivities of human per-

ception regarding numerical parameters commonly found in Finite Element (FE)

models used for exterior acoustic problems. The study considered the concept of

adaptive mesh and employed the Perfectly Matched Layer (PML) technique to en-

sure the Sommerfeld radiation condition, thereby introducing a set of parameters for

investigation. By convolving a source signal with various simulated Transfer Func-

tions (TF), Pulvirenti et al. [2023] obtained multiple sound samples. These TFs

represented the same acoustic path but were generated using FE models with differ-

ent parameters. Psychoacoustic metrics were employed in this research to examine

how changes in FE models affect sound properties, where jury tests were conducted

to assess the modifications in human perception resulting from these differences.

Regarding the FE models, based on the jury tests, the study found that a linear

regression of loudness and sharpness has a high correlation with the perceived differ-

ences. Consequently, this research demonstrated the impact of numerical errors on

these two metrics, establishing a connection between the accuracy of the FE models

and the perception of the auralized sounds.

Auralization

Meanwhile, when the aim is to investigate the psychoacoustics of sounds emitted

by a vibrating structure, auralization plays a crucial role in the modeling and sim-

ulation of these sounds. auralization, as defined by Kleiner et al. [1993], is the

process of making the sound field of a source audible in a space by using physical or

mathematical models. Its purpose is to predict and simulate the binaural listening

experience at a specific position within the modeled space. Having the ability to

predict the sound pressure emitted by the vibrating structure would greatly benefit

the development of mechanical structures. Furthermore, being able to listen to the

simulated radiated sound in a simulated environment would be useful at the design

stage. Since the beginning of the 21st century, we can find various studies being

interested in using auralization for different purposes. In 2001, O’Brien et al. [2001]

proposed a general technique for approximating sounds that are generated by the

motions of solid objects. O’Brien et al. [2001] also presented results achieved with a

FEM-based method. Their method was a time domain version of FEM to compute

the velocity of each node on a structure and just the pressure radiated from ele-

ments with an unobstructed line of sight are considered, i.e. in their technique, the

reflected sound and diffractions are ignored for modeling the audio signals. Then
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O’Brien et al. [2002] described a real-time method for producing sounds belonging

to the motions of rigid objects. In this research, by numerically precomputing the

shape and frequencies of an object’s deformation modes, audio can be synthesized

interactively directly from the force data produced by a standard rigid-body simu-

lation. The majority of this research describes a FEM algorithm that calculates the

required mode shapes and node displacements. The diagram illustrated by Figure1.7

depicts the preprocessing steps used by this research to construct the audio/visual

model for an object, and subsequently to generate sound and motion.

Continuing O’Brien et al. [2002], in 2006, James et al. [2006] described a fast tech-

Figure 1.6: The diagram providing an overview of the processes required for constructing the
audio/visual model for an object, and subsequently generating sound and motion O’Brien et al.

[2002]

nique for synthesizing sound radiation from geometrically complex vibrating objects.

Their technique and its corresponding precomputed acoustic transfer functions were

founded on accurate approximations to Helmholtz equation solutions made by stan-

dard numerical methods. They introduced an algorithm for generating equivalent

source approximations that provide real-time sound synthesis in physically based

animation.
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In addition to the above-mentioned studies, in the recent years, prediction of sound

radiated from machinery such as cars has been of interest to engineers. The goal

of such a prediction is to optimize sound parameters such as overall level or maybe

even characteristics like harshness or sharpness. For instance, Duvigneau et al. [2015]

presented a modeling approach of the acoustic behavior of engines including elastic

multi-body simulation, vibration analysis, acoustic analysis, auralization and psy-

choacoustic modeling. The approach proposed by this research is utilized to produce

audio signals which can be used in psychoacoustic tests and its target is to be able

to design sound quality of a car engine in simulations. Figure illustrates a summary

of the approach presented by this study. As seen in this figure, Duvigneau et al.

[2015] employs a Finite Element Method (FEM) to predict the sound radiated from

the source, where the authors also preferred to use the Sommerfeld radiation con-

dition at the boundary of the meshed area (i.e. preferred to consider no reflections

at the boundary points). Then the predicted sounds were utilized to conduct paired

comparison listening tests, ultimately resulting in an interval-scaled ranking of the

stimuli. A psychoacoustic model was constructed, demonstrating the strongest cor-

relation with the subjective evaluation of engine sounds. This model was formulated

as a function, comprising a weighted combination of carefully selected classical psy-

choacoustic indicators such as loudness and sharpness (see Duvigneau et al. [2015]).

Figure 1.7: on overview on the approach to develop the psychoacoustic prediction model,
presented by Duvigneau et al. [2015]

Miscellaneous purposes

Also, in recent years some psychoacoustic studies have been conducted for appli-

cations of composite materials in miscellaneous fields like musical issues. Within
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the recent literature, one can find certain evaluations of psychoacoustic aspects con-

cerning composite materials employed in constructing and enhancing musical instru-

ments. As an example in this regards, Roest [2016] conducted a study aiming to

create a composite guitar with acoustic properties similar to a traditional wooden

guitar. They developed a novel composite material composed of carbon fiber rein-

forced polyurethane foam, which successfully replaced wood in the key components

of guitar. The acoustic response of this composite material was found to be com-

parable to that of high-quality tonewoods commonly used for guitar soundboards.

Utilizing this new composite, a complete composite guitar was designed, manufac-

tured, and tested. So, through certain psychoacoustic analyses, Roest [2016] claimed

that when the newly developed composite was used in a complete composite guitar,

the resulting instrument was extremely difficult to distinguish from a traditional

wooden guitar. For this purpose, the study conducted psychoacoustic test with

two goals: determining if the composite guitar was perceived as a wooden guitar

and assessing its tonal qualities compared to other guitars. The test comprised a

three-part setup. The first part introduced the research and gathered participant

expertise. The second presented unique clips, followed by questions about identi-

fication, preference, and tone quality. The third involved matching sound clips to

guitars, evaluating participants’ ability to distinguish composite and carbon fiber

guitars from traditional wooden ones.

Similarly, the study conducted by Duerinck et al. [2020] focused on evaluating the

acoustic characteristics of six prototype violins. These violins were specifically man-

ufactured in a controlled laboratory environment, with the only variable being the

composite material used for the top plate. In this study, experienced listeners in-

cluding instrument makers, musicians, music teachers and composers were invited

to participate in psychoacoustic tests to assess the violins. For this purpose, two

listening tests were carried out. In the initial listening test, participants provided

individual ratings for the violins across various attributes. Each violin’s attributes

were presented using an eight-point Likert scale positioned between two contrasting

adjectives. Additionally, the second listening test employed pairwise comparisons.

This second test followed the ABAB format, as derived from the format used in

Fritz et al. [2017]. This format enabled listeners to experience each violin twice:

both before and after the other violin. Based on the psychoacoustic tests, contrary

to popular belief that violins made from composite materials, as opposed to tradi-

tional tonewoods, possess a distinct sound quality or lack thereof, Duerinck et al.

[2020] proved the quality of diverse sounds and timbres that can be achieved with

fiber-reinforced polymer violins.
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Summarizing remark

This chapter explored into the corresponding motivation and scientific literature be-

hind the thesis. The motivation stemmed from the practical applications and critical

requirements of composite structures. Then it provided a comprehensive literature

review encompassing vibro-acoustic and psychoacoustic studies corresponding to the

optimization of composite structures as well as other related research issues. Now,

continuing with all the previous studies, the following chapters will concern the vi-

broacoustic modeling and psychoacoustic assessments of composite panels with the

purpose of a conjoint psychoacoustic and vibroacoustic oriented design optimization

of such composite structures. In Chapter 2, a comprehensive explanation of the prob-

lems associated with vibrating composite panels, and the technical scenario of the

research is provided. Following that, Chapter 3 focuses on vibroacoustic modeling of

panels excited by diffuse acoustic field. Similarly, Chapter 4 is centered around the

modeling with mechanical excitation. Moving forward, Chapter 5 present a method

for updating models and the parameters in the associated problems, necessary for the

precise vibroacoustic modeling of composite panels. Chapter 6 addresses perceptual

validation, while Chapter 7 presents psychoacoustic and vibroacoustic design opti-

mizations of composite panels. Ultimately, Chapter 8 ends the thesis with general

concluding remarks.
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Chapter 2

Problem definition

In this Chapter, the vibration of composite panels is analytically investigated. For

this purpose, governing partial differential equations (PDEs), called 6th and 4th or-

der problems, which are able to model the vibration behavior of different composite

panels including isotropic, laminate and sandwich composite panels, are discussed

in detail. These problems will serve as the foundation for the simulations and math-

ematical modeling in the current thesis.

2.1 Vibration of composite panels

The vibration of composite panels is a complex field that requires the application

of various theories and concepts from structural mechanics, materials science, and

vibration analysis. The fundamental theory governing the behavior of composite

panels arise from elasticity theory (e.g. see Gibson [2007]). Composite materials ex-

hibit behavior that differs from isotropic panels due to their complex structures like

the variety of materials and layers used in composite panels, layouts and geometrical

arrangements of the layers, and orientations of reinforcing fibers within the matrix

at each layer. For instance, the orientation affects the stiffness and compliance ma-

trices, which describe how stress and strain vary in different directions (e.g. see

Kaw [2005], Gibson [2007]). Meanwhile, Laminate theory can be helpful for inves-

tigating mechanical characteristics of composite panels, required for analyzing the

vibration of composite panels. Laminate theory takes into account individual layers

or laminae, and then the stiffness properties of each lamina, such as Young’s modu-

lus and Poisson’s ratio, play a crucial role in predicting the overall panel’s behavior.

Laminate theory provides the means for performing analytical stress-strain assess-

ments on various laminated structures under mechanical or acoustic loads. It allows

47
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for the analysis of laminates with any number of layers, diverse layer thicknesses,

and different material types. Classical laminate theory enables the computation of

stresses and strains within individual layers, the determination of overall laminate

properties, and the assessment of the total deformation experienced by the laminate

(e.g. see Berthelot and Ling [1999]).

On the other hand, classical plate theory is often employed to model the deformation

of composite panels under bending loads. The classical plate theory, also referred to

as Kirchhoff–Love theory of plates, serves as a useful framework for depicting a three-

dimensional plate in a simplified two-dimensional representation (Teotia and Soni

[2018]). This theory operates under the fundamental assumption that the plate’s

thickness remains constant throughout any deformation. This theory provides differ-

ential equations that describe how the panel’s mid-plane displacements and rotations

change concerning the coordinates within the panel (e.g. see Barbero [2010]). Fur-

thermore, natural frequencies and mode shapes describe how a composite panel or

beam vibrates when subjected to external loads and various boundary conditions.

Modal analysis entails solving eigenvalue problems to determine the panel’s natural

frequencies and corresponding mode shapes (e.g. see Boudjemai et al. [2012]). So,

considering laminate theory, plate theory, and modal analyses of composite panels,

when these composite structures encounter external mechanical or acoustic forces

or excitations, forced vibration analysis can used for determining how the panel

responds. This analysis considers solving dynamic equations of motion while con-

sidering damping effects, external loads, and boundary conditions. In recent years,

from a vibroacoustic point of view, several studies have been conducted to examine

and investigate composite panels, their vibroacoustic behaviors when subjected to

various types of load, and the corresponding equations of motion governing them.

In the meantime, the theoretical studies conducted in these fields can be summa-

rized into two problems: 6th and 4th-order problems, which we will discuss in the

following sections.

2.2 6th order problem

The 6th order problem refers to a sixth-order PDE for the vibroacoustic modeling of

composite sandwich panels, which accounts for various factors including transverse

shear deformation, normal deformation, and bending moments to accurately pre-

dict the response to external loads. This problem was originally proposed by Mead

and Markus [1969] and subsequently developed further by other researchers such

as Narayanan and Shanbhag [1981, 1982]. Today, the applications of this model
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can be found in vibroacoustic studies of composite panels and beams. For instance,

Alvelid [2013] developed the 6th order problem for a three-layer sandwich beam with

a viscoelastic layer in the middle. In this study, the problem was solved in the case

of a cantilever sandwich beam, and the results were compared with Finite Element

Method (FEM) calculations. Also, Droz et al. [2017] derived analytical expressions

for the equivalent bending and shear parameters by relating them to the transition

frequency and the maximal group velocity, and this study employed the 6th order

problem to investigate the group velocity. In a recent study by Kohsaka et al. [2021],

the vibration characteristics of a sandwich beam with a lattice core were investigated

using an analytical approach as well as finite element analyses. The analytical ap-

proach focused on solving the 6th order problem to express the motion in terms of

the transverse displacement.

In practice, since the shear effects are not usually negligible for composite sandwich

plates, the flexural vibrating motions of such panels are usually expected to satisfy

high-order problems like the 6th order problem that can demonstrate the flexural

motion in a spatial-time domain. For this purpose, one considers a vibrating com-

posite sandwich panel with a a× b rectangular shape (see Figure4.1). The panel is

excited by an external point force q(t, x, y) = q(t)δ(x−x0)δ(y− y0) exerted at point

(x0, y0).

For deriving the equations of motion for the three-layer sandwich panel, Mead [1965],

Mead and Markus [1969], Mead [1972] proposed certain assumptions, including the

following: 1) Negligible core bending stresses compared to the face sheet direct

stresses, 2) Uniform plate motion in the transverse direction across all three lay-

ers, 3) Negligible shear strains in the face sheets within planes perpendicular to the

panel’s plane, and 4) Neglecting inertia forces in both the x and y directions. So,

according to these assumptions, the equations of motion can be derived as follows

(Mead [1972], Narayanan and Shanbhag [1981]):

E

1 − ν2
∂2u

∂x2
+

E

2 (1 + ν)

∂2u

∂y2
+

2G

h1h2
u+

E

2 (1 − ν)

∂2v

∂x∂y
+
G (h1 + h2)

h1h2

∂w

∂x
= 0 (2.2.1)

E

1 − ν2
∂2v

∂y2
+

E

2 (1 + ν)

∂2v

∂x2
+

2G

h1h2
v+

E

2 (1 − ν)

∂2u

∂x∂y
+
G (h1 + h2)

h1h2

∂w

∂y
= 0 (2.2.2)

Dt∇4w − G (h1 + h2)

h2

[
(h1 + h2)∇2w − 2

(
∂u

∂x
+
∂v

∂y

)]
+M

∂2w

∂t2
= q (2.2.3)

where w(x, y, t) is the transverse displacement in z-direction, u(x, y, t) is the mid-

plane displacement in x-direction, v(x, y, t) is the mid-plane displacement in y-

direction, ∇4(•) = ∇2(∇2(•)), ∇2(•) = ∂2(•)
∂x2 + ∂2(•)

∂y2
is the Laplacian operator,

∇ is the gradient operator, G is the shear modulus of the viscoelastic core, Dt is
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the total flexural rigidity, E is Young’s modulus of the face sheet, ν is the Poisson’s

ratio of the plate material, M = ρh is the mass per unit area of the entire sandwich,

ρ is the total mass density of the composite panel, h1 and h2, respectively, are the

thicknesses of the face sheet and the constrained damping core, h = 2h1 + h2 is the

total thickness, and q is the external point force loading on the panel (Narayanan

and Shanbhag [1982]). Figure 4.1 illustrates the geometrical configuration of the

sandwich panel. Consequently, by eliminating the variables u and v in favor of w

through a series of algebraic manipulations in Eq.(2.2.1) to Eq.(2.2.3), the 6th order

problem can be introduced as follows (see Mead and Markus [1969], Narayanan and

Shanbhag [1981, 1982]):

Dt∇6w −Dtǵ(1 + Y )∇4w +M
∂2

∂t2
(∇2w − ǵw) = ∇2q − ǵq (2.2.4)

where ∇6(•) = ∇2(∇2(∇2(•))), ǵ = 2G(1 − v2)/E1h1h2 as the shear parameter of

the core is a function of the shear modulus and the thicknesses of the face sheets

h1 and core h2, and Y = 3(1 + h2/h1)
2 is the geometric parameter of the sandwich

panel (see Narayanan and Shanbhag [1982]).

If we consider the case of free vibration when q(t, x, y) = 0, and assume the plane

wave ei(ωt−kxx−kyy) propagating within the plate, we can reach the 6th order dispersion

relation via the six order problem defined by Eq.(2.2.4) as follows:

−Dtk
6 −Dtǵ(1 + Y )k4 +Mω2(k2 + ǵ) = 0 (2.2.5)

where k =
√
k2x + k2y, and kx and ky are the wave numbers in the x and y directions,

respectively.

2.3 4th order problem

The hypotheses behind the 4th order problem can be traced back to the classical

plate theory started by G. Kirchhoff around 1850 (Teotia and Soni [2018]). This

problem originally emerges from the governing equations of the motion , and it is

used for vibroacoustic modeling of thin composite plates (e.g. see Shimpi and Patel

[2006], Guillaumie [2015], Berry et al. [2020], AllahTavakoli et al. [2023a,b]).

According to the classical laminate theory and Kirchhoff-Love hypotheses, the gov-

erning equations of composite laminates can be obtained through a constitutive

equation, which establishes a connection between the mechanical properties of an

individual lamina (a single layer within the panel) and the overall mechanical char-

acteristics of the composite panel. This constitutive equation is represented by the
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Figure 2.1: The geometrical configuration for a composite sandwich plate

stretching, coupling, and bending stiffness matrices (e.g. see Berthelot and Ling

[1999]). In fact, this equation is employed to articulate the relationship between

stress and strain within the laminate composite panel, and it serves as the foundation

for the governing equations of motion. So, based on the constitutive equation, the

following governing equation of motion in the z-direction concerning bending trans-

verse displacement w can be derived for a thin laminate composite panel (Berthelot

and Ling [1999]):

D11
∂4w

∂x4
+ 4D16

∂4w

∂x3∂y
+ 2(D12 + 2D66)

∂4w

∂x2∂y2
+ 4D26

∂4w

∂x∂y3
+D22

∂4w

∂y4

−B11
∂3u

∂x3
− 3B16

∂3u

∂x2∂y
− (B12 + 2B66)

∂3u

∂x∂y2
−B26

∂3u

∂y3

−B16
∂3v

∂x3
− 3B26

∂3v

∂y2∂x
− (B12 + 2B66)

∂3v

∂y∂x2
−B22

∂3v

∂y3

+M
∂2w

∂t2
= q(t, x, y)

(2.3.1)
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where u(x, y, t), v(x, y, t), and w(x, y, t) are the mid-plane displacement in x-, y-,

and z-directions respectively; (x, y) ∈ [0, a] × [0, b], {Dij} are the bending stiffness

coefficients, {Bij} are the coupling stiffness coefficients, ρ is the mass density, h is

the thickness, and M = ρh is the mass per unit area (herein, the geometrical con-

figuration of the thin composite panel is the same as that of Figure 4.1, except for

taking into account the core thickness).

For symmetric laminate panels with multiple orthotropic layers, we have B11 =

B12 = B16 = B22 = B26 = B66 = 0, and D16 = D26 = 0, and so,the terms corre-

sponding to these coefficients disappear from the above equation (e.g. see Berthelot

and Ling [1999]). Consequently, according to the Kirchhoff-Love hypotheses and

neglecting transverse shear and rotary inertia, the 4th order problem governing the

transverse displacement w(x, y, t) of an undamped thin composite plate will be ob-

tained by Eq.(2.3.1) as follows (e.g., see Lesueur and Nicolas [1989], Jones [1999],

Berthelot and Ling [1999]):

D11
∂4w

∂x4
+ 2(D12 + 2D66)

∂4w

∂x2∂y2
+D22

∂4w

∂y4
+M

∂2w

∂t2
= q(t, x, y) (2.3.2)

The well-known particular case of this 4th order problem and 6th order problem when

Dt = D11 = D22 = D12 + 2D66 = D, and g = 0 presents the governing equation of

motion of thin isotropic plates under Kirchhoff-Love hypotheses as follows (e.g., see

Lesueur and Nicolas [1989], Jones [1999]):

D∇4w(x, y, t) +M
∂2w(x, y, t)

∂t2
= q(t, x, y) (2.3.3)

In the current study, this particular case has also been used for validating the effi-

ciency of the proposed methodology. In next Chapters, this equation will be used

to model the behavior of isotropic panels for further validations of the simulations

and modeling.

Moreover, in the case of free vibration when q(t, x, y) = 0, considering the wave

ei(ωt−kxx−kyy) propagating within the plate, the fourth order problem introduced by

Eq.(2.3.2) leads to the 4th order dispersion relation as follows:

D11k
4
x + 2(D12 + 2D66)k

2
xk

2
y +D22k

4
y −Mω2 = 0 (2.3.4)

where kx and ky are the wave numbers in the x and y directions, respectively.
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2.3.1 Modal decomposition

By a modal decomposition and taking into account an ad hoc damping loss factor

η for dissipation, the response H to a harmonic point force such q(t) = eiωt at point

(x0, y0), will be as follows (e.g., see Lafont et al. [2014]):

H (x, y;x0, y0;ω) =
∑
n≥0

Hn (ω)ψn (x0, y0)ψn (x, y) (2.3.5)

where ψn denotes the modal function of mode n, the frequency response coefficient

{Hn(ω)} is obtained as Hn(ω) = M−1(ω2
n − ω2 + iηωnω)

−1
, and ωn is the angular

natural frequency belonging to the modal function ψn.

Based on the above modal decomposition for the harmonic response (i.e. Eq.2.3.5),

the transverse displacement w(x, y, t) can be modeled if the modes ψn can be cor-

rectly calculated. Thus, according to Eq.(2.3.5), the function w̃ (x, y;ω) as the

Fourier transform function of w(x, y, t) is obtained by

w̃ (x, y;ω) =
∑
n≥0

q̃(ω)Hn (ω)ψn (x0, y0)ψn (x, y) (2.3.6)

where q̃(ω) is the Fourier transform of the external force q(t).In certain particular

cases like simply supported boundary condition, we can have an analytical expression

for the modal functions (e.g., see Lafont et al. [2014], Le Bot [2015]). Furthermore,

in Chapter 5 regarding the updating of models and parameters, we will also see how

the modal functions can be initially predicted in terms of hierarchical trigonometric

functions while considering specified boundary conditions, and how real laboratory

measurements can assist us to have a reliable estimation of these critical functions

and update them.

2.4 Radiation and Rayleigh integration

The sound pressure level (SPL) of sounds radiated from the vibrating composite

panel, can be acquired for vibroacoustic assessments. Hence, for simulating the SPL

at an arbitrary distance from the vibrating plate in a free field, the well-known

Rayleigh integration with time dependence eiωt can be applied to the modeled full-

vibration field as follows (e.g., see Fahy [2000]):

p (x, y, z;ω) = iωρ0

∫∫
S

v(x′, y′)
eikR

2πR
dS ′ (2.4.1)
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where the panel is supposed to be embedded in a rigid baffle, the acoustic pressure

is assumed to be radiated from the panel in fluid half-space z > 0, p (x, y, z;ω) is

the pressure field at the location (x, y, z), ω is the angular frequency, ρ0 is the air

density, v (x′, y′) is the vibration velocity at the point (x′, y′)located in the plate

area S, dS ′ = dx′dy′ is the differential element of the plate surface, k = ω
c0

is the

wave number, c0 is the sound speed in the air, and R =
√

(x− x′)2 + (y − y′)2 + z2.

The geometric configuration employed in Rayleigh integration is depicted in Figure

2.2. The modal decomposition described before can be employed for modeling the

velocity v = ωw, and the displacement field w over the panel.

Figure 2.2: The geometrical configuration corresponding to the Rayleigh integration and
radiation of the vibrating composite panel embedded in a baffle

2.5 Discussion

In this chapter, we presented an analytical investigation of the vibration character-

istics of composite panels. To accomplish this objective, the chapter was dedicated

a comprehensive discussion of the partial differential equations, specifically the 6th

and 4th order problems governing the vibrational behavior exhibited by diverse

composite panels. The 4th and 6th order problem formulations rely on specific as-

sumptions, namely the Kirchhoff-Love and Mead assumptions, respectively. The

Kirchhoff-Love assumptions, which exclude considerations of transverse shear and

rotary inertia, establish the validity of the 4th order problem for thin composite pan-

els. On the other hand, the Mead assumptions extend the applicability of the 6th

order problem to composite panels by accounting for the shear effect in the flexural

motions of these panels. In the current thesis, these problems will form the bases on
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which simulations and mathematical modeling in the current thesis are constructed.

In the following two chapters, the 4th and 6th-order problems will be employed

for simulating and modeling the vibroacoustic behavior of certain panels including

some isotropic and composite panels. Then the models and simulations will undergo

examination through measurements conducted in real laboratory experiments. To

achieve this, the different types of panels were tested under two distinct laboratory

conditions: the first one with diffuse acoustic field excitation and the other one

with mechanical excitation. Additionally, within this current thesis, the 4th and

6th-order problems will serve as the foundation for developing a hybrid updating

method useful for precise vibroacoustic modeling of composite panels. Furthermore,

the results obtained from all the simulations and models will undergo perceptual

validation and assessment in specific psychoacoustic tests. These problems will also

be applied in the design and psychoacoustic optimization of a particular type of

composite panels. The technical scenario of the current thesis has been summarized

in Figure 2.3. Accordingly, the following two chapters will discuss the modeling of

vibroacoustic behaviors of composite panels subjected to acoustic and mechanical

excitations.

Figure 2.3: Thesis scenario: From concepts of the 6th and 4th order problems, through modeling
stimuli with acoustic and mechanical excitations, updating strategies, perceptual assessment, to

composite panel designs and optimizations
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Chapter 3

Modeling with diffuse acoustic

excitation

In this chapter, the mathematical/numerical and experimental steps required by

the vibro-acoustic modeling of composite and isotropic plates excited by a diffuse

acoustic field (DAF) are discussed. Herein, the analytical modeling was performed

by 4th and 6th order problems adapted for the composite and isotropic plates, and

moreover, the numerical modeling was carried out via the Finite Element Method

(FEM). The experimental observations were also performed by means of an acoustic

test cabin used for ideally generating a diffuse acoustic field. The various types of an-

alytical and numerical simulations including synthesized sounds required by future

psychoacoustic analyses, as well as experimental observations including recorded

sounds were investigated and compared.

Herein, the proposed strategy starts with the mathematical analyses associated with

the excitation of panels and then it is essential to adopt an appropriate analytical

model for predicting the vibration as the next step. Another step consists in comput-

ing the pressure field, caused by the sound radiated by the vibrating plate. For this

purpose, the chapter presents certain numerical simulations and some computational

prerequisites and then it provides us with experimental results and their compar-

isons with the mathematical modeling and simulations. Finally, the study ends with

synthesizing sounds, which will be used by psychoacoustic assessments required for

designing composite panels. Fig.3.1 summarizes the strategy used in this chapter.

Also, it is noteworthy that some parts of this chapter have been incorporated within

the work referenced as AllahTavakoli et al. [2023b].

57
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Figure 3.1: an overview of the strategy used in this chapter, required for
vibro/psychoacoustically assessing and designing composite panels

3.1 Methodology

In the numerical and experiments study of this chapter, certain panels including

some isotropic steel and aluminium panels and an aluminium composite panels are

investigated. Hence, first, assume a vibrating isotropic thin flat plate, which has

a a × b rectangular shape. Then suppose a case that the plate can be excited by

a harmonic point force such eiωt at point (x0, y0). In such case, according to the

Kirchhoff-Love hypothesis and neglecting transverse shear and rotary inertia, as

discussed by Chapter 2, the 4th order will be satisfied for the panel, and so, the

response of the vibrating panel to a harmonic point force can be obtained via the

modal decomposition (see Section 2.3.1).

Furthermore, in both the numerical and experimental of this chapter, the panels have

been analyzed with a simply-supported boundary condition. Thus, when the mode

index is represented as a double subscript, denoted as (n1, n2), the expressions for

the undamped natural frequencies under this simply supported boundary condition

can be described as follows (e.g. see Guyader [2013]):

ωn =
√
D/m

((n1π

a

)2

+
(n2π

b

)2
)

(3.1.1)

where the mode shapes are ψn (x, y) = (2/
√
ab) sin(n1πx/a) sin(n2πy/b) and (x, y) ∈

[0, a] × [0, b]. Now, if the plate is embedded in a rigid baffle, the acoustic pressure

radiated from the plate in fluid half-space z can be evaluated by the Rayleigh integra-

tion discussed before (see Section 2.4). Hence, according to the Rayleigh integration

and the relation between the velocity and displacement (i.e. v = iωw), we have

p (x, y, z;ω) = Ray (w) = −ω2ρ0

∫∫
S

w(x′, y′)
eikR

2πR
dx′dy′ (3.1.2)

whereRay is the Rayleigh integral operator, which converts the flexural displacement

w to the pressure field p. According to the above equation as well as the Rayleigh

integration and modal decomposition, the acoustic pressure at point (x, y, z), caused
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by the response H to the harmonic point force such eiωt at point (x0, y0), can be

obtained as follows:

p (x, y, z;ω) =
∑
n≥0

Hn(ω)ψn(x0, y0)Ray(ψn) (3.1.3)

On the other hand, as discussed in Chapter 2 regarding composite panels, when the

shear effects are not negligible, the flexural vibrating motion is expected to satisfy the

6th order problem rather than the 4th order problem. Hence, according to Eq.(2.2.4),

the natural frequencies corresponding to the flexural vibration of the composite plate

could be obtained by the sixth-order dispersion relation (i.e. Eq.(2.2.5)), and so, we

have

ωn =

√
Dtk4n
m

(
1 +

ǵY

k2n + ǵ

)
(3.1.4)

where kn is the wave number corresponding to the mode index n, and considering the

mode shapes {(2/
√
ab) sin(n1πx/a) sin(n2πy/b)}, we have kn =

√
(n1π/a)2 + (n2π/b)2.

By comparison of the above equations, we can clearly see that the 6th order problem

is the generalization of the 4th order problem, and the solutions of these problems

become equal when the shear effects of the composite plate are neglected (compare

the solution of Eq.3.1.4 with Eq.3.1.1 when ǵ = 0). So, based on Eq.3.1.4, the fre-

quency response associated with the 6th order problem can similarly be achieved by

the modal decomposition.

3.1.1 Diffuse acoustic excitation

Now, consider a diffuse acoustic field (DAF) pe as a random pressure field excitation

on the plate (see Fig.3.2). Ideally, a diffuse field is expected to be homogeneous

and isotropic (e.g. see Misol et al. [2014]). So, if we assume that the excitation

is stationary with respect to time, the power spectral density of the DAF as the

external excitation can be expressed as follows Narayanan and Shanbhag [1981]:

Spe(x0, y0; x́0, ý0;ω) = Spe(ω)C(x0, y0; x́0, ý0;ω) (3.1.5)

where C(x0, y0; x́0, ý0;ω) is in the form of a correlation function between two arbi-

trary points (x0, y0) and (x́0, ý0) where the DAF can be exerted on the plate, and

this function can be regarded as the spectrum of the correlation coefficient. If the

external excitation is assumed to be an ideal white noise, the function Spe will be

constant. Herein, the quantity Spe has been observed by the Beta cabin, which was

employed to produce and monitor an ideal diffuse acoustic field (DAF) in the labo-
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ratory experiments. In addition, herein, the theoretical formulation of the spectrum

of the correlation function C(x0, y0; x́0, ý0;ω) has been considered as follows Misol

et al. [2014], Marchetto et al. [2017]:

C(x0, y0; x́0, ý0;ω) =
sin(k0r)

k0r
(3.1.6)

where r =
√

(x0 − x́0)2 + (y0 − ý0)2, k0 = ω/c0 is the acoustic wave number, and c0
is the sound speed in air.

So, considering Equations 3.1.3 and 3.1.5, the spectrum (i.e. auto-spectral density

(ASD)) of the sound pressure p at the location (x, y, z) will be obtained as follows

(c.f.Narayanan and Shanbhag [1981]):

Sp (x, y, z;ω) =
∑
n≥0

∑
ń≥0

Ray(ψn)Ray(ψń)Hn(ω)Hń(ω)Spe(ω)Inń(ω) (3.1.7)

where

Inń(ω) =
∑

(x0,y0)∈S

∑
(x́0,ý0)∈S

ψn(x0, y0)ψn(x́0, ý0)C(x0, y0; x́0, ý0;ω) (3.1.8)

, and S = [0, a]× [0, b] ⊂ R2 is the plate surface area,
∑

(x0,y0)∈S is the discrete form

of the 2D integration over the plate, and ◦ is the complex conjugate of ◦.

Accordingly, based on the methodology described in this Section, we could per-

Figure 3.2: The DAF as a random pressure field excitation: the objective is to model the
spectrum of the pressure level at an arbitrary receiver point, caused by the excited vibrating plate

form certain numerical and laboratory experiments. In the next Section, some of
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numerical simulations executed before laboratory experiments have been explained

in details.

3.2 Numerical simulations

Before carrying out any laboratory experiments, it was necessary to perform cer-

tain numerical simulations in order to numerically assure ourselves of the analytical

modeling and simulations, and also in order to fulfill some numerical prerequisite of

the problem. Herein, a finite elements method (FEM) was employed as the numeri-

cal tool for re-validating the procedures of the proposed strategy and the numerical

prerequisite were attained via certain numerical comparisons. The finite element

method was performed by means of ANSYS/APDEL and applied to a 40cm×60cm

aluminium plate with a thickness of 4mm. It was supposed that the mass density,

young modulus, Poisson ratio, and loss damping factor of the plate are equal to

2500kg/m3, 70GPa, 0.22, and 0.001, respectively.

Additionally, the finite element of FEM was defined such that it has four nodes, is

suitable for analyzing thin to moderately-thick shell structures, is well-suited for lin-

ear and large rotation, and has six degrees of freedom (three translations and three

rotations) at each node. In this numerical simulation, the boundary condition was

considered to be simply supported at all the edges of the plate and a mechanical

nodal excitation with a white noise spectrum was assumed for the modeling (the

nodal excitation was exert on a node with the location x = 0.12m, y = 0.40m where

x ∈ [0, a], y ∈ [0, b], and a = 40m, and b = 0.60m).

Moreover, the element mesh size was considered 8.6mm that is half of the expected

value of the minimum wave number. Accordingly, the numerical simulation could be

performed under the aforementioned condition, and as an example Fig.3.3 illustrates

the vibration field at the middle point of the plate, approximated via the FEM, as

well as its comparison with the analytical modeling achieved via solving the 4th or-

der problem (i.e via applying Eq.3.1.1 to the modal decomposition relation). In this

figure, we can see that the numerical result coincides with the analytical prediction

of the problem (see Fig.3.3). This step of the numerical simulations as well as its

corresponding comparisons with the analytical models is essential in the strategy in

order to double-check the procedures and to avoid any mistakes in the implementa-

tion of the proposed approach.

Furthermore, in order to have accurate approximation of the Rayleigh integration

and consequently have an accurate prediction of the pressure field at an arbitrary

receiver point, we needed to do other numerical analyses. After modeling the vibra-

tion field over the plate, the discretization and computation of the Rayleigh integral
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Figure 3.3: a comparison between the FEM and analytical approach for f ∈[0,10kHZ]

is a tricky part and regarding the frequency range and the desired accuracy, at first

we needs to have a proper understanding of the optimum value of the mesh size

and the appropriate method for the discrete 2D integration. Although it is usually

recommended to consider six to ten nodes per the minimum wavelength to have

an accurate estimation of mode shapes (e.g. see Marburg [2008]), high numbers of

nodes and consequently small mesh sizes can lead to increasing the amount of com-

putation and its processing time. In order to avoid it and find an optimum value of

the mesh size, in this step, we assumed the solution obtained by the mesh size equal

to λMin/6 as the most accurate value of the solution and then we compared other

solutions with this solution as a reference (pRef ).

On the other hand, as mentioned above, it was required to adopt a proper approach

for discretizing and approximating the Rayleigh integration. For this purpose, at

the same time, we examined three different numerical integration approaches: 1)

Discretization & simple summation, 2) Trapezoidal approach, and 3) Quadrature

Method Shampine [2008]. Fig.3.4 sums up these results, which illustrates how both

the trapezoidal and Quadrature methods can start to have an acceptable accuracy

from mesh sizes less than λMin/2. Accordingly, in the current study for continuing

other numerical computations the mesh size was assumed equal to λMin/2 = 8.6mm

and the trapezoidal approach has been used for approximating the Rayleigh inte-



3.3. LABORATORY EXPERIMENTS 63

gration.

Figure 3.4: the relative error associated with the integration approaches and different values of
the mesh size

3.3 Laboratory experiments

Herein, we had certain objectives for performing the laboratory experiments. Our

objectives were 1) to experimentally check the mathematical and numerical modeling

and simulations, 2) to experimentally investigate the possibility of DAF excitation

in the mathematical modeling of the vibration and pressure field, required for the

proposed vibro/psychoacoustical assessments, 3) to record the sound radiated by the

plate with the purpose of a perceptual validation of the obtained synthesized sounds

for such an excitation, and 4) to investigate various configurations of the problems

and their limitations. For this purpose, we used an acoustic test cabin, (a Mecanum

Inc. product, called Beta cabin, see Inc.). This Beta cabin is usually used for a quick

and accurate estimation of sound absorption and transmission loss on medium-sized

samples, and it is based on the concept of diffuse acoustic field. So, by means of this

instrument, herein we could produce a diffuse field inside of the cabin, and utilize

it as a diffuse acoustic excitation for testing some sample plates, and then we could

measure the pressure field at different distances from the vibrating plates by means

of a microphone system. Fig.3.5 illustrates both the instruments employed in the

laboratory experiments and the experimental setup within the laboratory. Also, the

geometric and mechanical parameters of the tested plates, used by these laboratory

experiments, have been considered as Table3.1.

After acquiring the sound pressure level (SPL) at different distances from the vi-

brating plates, the precise observations of the DAF spectrum Spe(ω) inside the Beta
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Figure 3.5: a) Beta Cabin with the plate under study, b) inside Beta Cabin with microphones,
c) four uncorrelated speakers required for generating an ideal DAF, d) a 4-microphones antenna
for acquiring the DAF spectrum, e) the microphone system to record the sound radiated by the

plate

Table 3.1: the geometric and mechanical characteristics of the tested plates

No Material a × b [cm] h [mm] Mechanical properties

1 Steel 61 × 61 2 E = 210GPa, ν = 0.29, η = 0.005, ρ = 7.8g/cm3

2 Aluminium 61 × 61 5 E = 70GPa, ν = 0.33, η = 0.02, ρ = 2.5g/cm3

3 Steel 33.9 × 29.2 2 E = 210GPa, ν = 0.29, η = 0.005, ρ = 7.8g/cm3

4 Aluminium 33.9 × 29.2 5 E = 70GPa, ν = 0.33, η = 0.02, ρ = 2.5g/cm3

5 Aluminium composite 33.9 × 29.2 2 Dt = 40GPam3, ν = 0.3, ρ = 2.2g/cm3, η = 0.01, β = 0,
G = 1MPa, h1, h2 = 0.9mm, 0.2mm

cabin, which were measured during each experiment, enabled us to straightforwardly

perform the proposed method described in Section 3.1.1. Fig.3.6 illustrates the main

shape of the measured DAF spectrum Spe(ω). Accordingly, Eq.(3.1.7) and the mea-

sured DAF spectrum Spe(ω) could provide us with the modeled spectrum of pressure

field, and consequently we could carry out comparisons between the modeled spec-

trum of pressure field and the SPL measured by the microphone system. Figures3.7

to 3.11 present the corresponding comparisons for the laboratory experiments of the

sample plates, performed at the distance 50cm from the plates. In these figures,

the spectra of the simulated and experimental results have been illustrated. The

figures demonstrate the alignment between the simulated results, derived from the
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proposed approach outlined in Section 3.1, and the experimental data. The agree-

ment between them is quite strong. However, certain pronounced resonances present

in simulations, which are absent in the experimental results. This discrepancy may

arise due to the untuned values of the loss damping factors. Tuning and updating

mechanical parameters, such as the loss damping factor, requires additional mea-

surements, such as laser vibratory measurements, as elaborated in Chapter 5. In the

proposed approach, the 4th and 6th order problems are employed for the modeling

and simulations associated with the isotropic and composite plates, respectively.

Figure 3.6: the spectrum Spe
(ω) of the DAF excitation, measured during the experiments

3.4 Discussion and concluding remarks

In this chapter, the main target was to provide theoretical and practical steps for

vibroacoustic modeling of panels excited by a DAF, which we ultimately needed

for vibro/psychoacoustically assessing and designing composite panels. Based on

such a target, first we presented a theoretical strategy for analytical modelings of

the problems, where the 4th and 6th order problems were the bases of vibroacoustic

modelings of isotropic and composite plates, respectively. Then we could complete

the theoretical strategy by means of certain numerical and experimental experi-

ments to practically examined our main ideas. First, certain numerical validations

and prerequisites were fulfilled and then the laboratory experiments were performed

to examine the proposed analytical procedures.
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Figure 3.7: the measured and modeled SPL spectra radiated by the vibrating 61cm× 61cm
steel plate excited by the DAF

Figure 3.8: the measured and modeled SPL spectra radiated by the vibrating 61cm× 61cm
aluminium plate excited by the DAF

Meanwhile, a clear understating of DAF, which herein plays a key role of the random

pressure field excitation, was another important issue. We required to theoretically

investigate the DAF excitation and precisely model it via stochastic analyses. On

the other hand, it was also essential to ideally generate such DAF excitation field in

practice. Hence, in the laboratory experiments, we utilized an acoustic test cabin
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Figure 3.9: the measured and modeled SPL spectra radiated by the vibrating 33, 9cm× 29.2cm
steel plate excited by the DAF

Figure 3.10: the measured and modeled SPL spectra radiated by the vibrating
33, 9cm× 29.2cm aluminium plate excited by the DAF

for ideally generating the DAF excitation and exerting it to different sample plates.

The experiments were performed for 4 isotropic sample plates with different sizes

as well as a composite one, and finally, the acquired experimental results were com-

pared with the mathematical modeling and simulations. The comparisons were able

to experimentally approve the main ideas of the study, and the experimental results
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Figure 3.11: the measured and modeled SPL spectra radiated by the vibrating
33, 9cm× 29.2cm composite plate excited by the DAF

associated with the isotropic plates and the composite one could approve the abili-

ties of the 4th and 6th order problems in the proposed approach.

Accordingly, based on the agreements accomplished by by the various numerical and

laboratory experiments with the mathematical modelings, the proposed strategy was

made ready to be used for precisely synthesizing sounds required by corresponding

psychoacoustic tests and analyses, and consequently, for completing the proposed au-

ditory evaluation step required for vibro/psychoacoustically investigating composite

panels. Now, continuing the strategy outlined in this chapter, the upcoming chapter

will further explore vibration modeling for composite panels, this time focusing on

mechanical excitation.



Chapter 4

Modeling with mechanical

excitation

In this chapter, we have undertaken a comprehensive exploration of vibroacoustic

modeling for composite panels subjected to mechanical excitation. This investiga-

tion encompasses both theoretical insights and practical experimentation. To ac-

complish this, we conducted a range of laboratory experiments, incorporating laser

Doppler vibrometry and sound pressure level measurements. These measurements

were executed on two types of panels: thick composite (sandwich with a Nomex

honeycomb core) and thin composite (CFRP laminate) panels. Additionally, we

included two isotropic plates made of steel and aluminum in our experiments to

enhance the validation process. The outcomes of these experiments will serve as a

critical foundation for our upcoming phases of the thesis aiming at developing precise

vibroacoustic models that address psychoacoustic concerns and undergo thorough

perceptual validation.

4.1 Mechanical excitation

In continuation of the study carried out in the previous chapter, the current study

aims to explore the vibroacoustic modeling of composite panels when subjected

to mechanical excitation. The fundamental principles governing the vibroacoustic

modeling of composite panels under a point-wise mechanical load were discussed in

Chapters 2 and 3, which originated from the 4th and 6th order problem formula-

tions and modal decomposition. Hence, let’s reconsider a scenario where we have

a rectangular composite panel with dimensions a × b. Additionally, let’s imagine

a situation in which this panel can be excited by a point-wise mechanical load,

69
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denoted as q̃(ω)eiωt, applied at a point (x0, y0), as depicted in Fig.4.1. In such a

scenario, by considering the boundary conditions, we can derive expressions for the

modal shapes associated with the vibrating plate. Subsequently, modal decompo-

sition allows us to express the flexural vibration field over the vibrating panel, as

illustrated in Equation (2.3.6). Accordingly, the functions ṽ (x, y;ω) and w̃ (x, y;ω)

as the Fourier transform function of the vibration velocity v and displacement w at

the point (x, y, t), caused by the point-wise excitation are obtained by{
ṽ (x, y;ω) =

∑
n≥0 ωq̃(ω)Hn (ω)ψn (x0, y0)ψn (x, y)

w̃ (x, y;ω) =
∑

n≥0 q̃(ω)Hn (ω)ψn (x0, y0)ψn (x, y)
(4.1.1)

The above expression of the velocity v can be used by the Rayleigh integration for

predicting the sound pressure level (see Eq.(2.4.1)). Furthermore, the modal shapes

can be predicted numerically using methods such as Finite Element Analysis (FEM)

or analytically formulated using specific analytical functions like hierarchical func-

tions, as elaborated in Chapter 5. In the laboratory experiments conducted in the

current chapter, we examine specimens of vibrating panels subjected to clamped

boundary conditions. These modal shapes are analytically formulated using hier-

archical functions, as detailed in Chapter 5. So, following this, we can express

the pressure level of the sound radiated by the vibrating panel when excited by

point-wise mechanical loads. This can be achieved by utilizing the modeled vibra-

tion velocity of the panel (i.e. Eq.((4.1.1))) and employing the Rayleigh integration

method, similar to Equation (3.1.3) discussed in Chapter 3, as follows:

p (x, y, z;ω) =
∑
n≥0

q̃(ω)Hn(ω)ψn(x0, y0)Ray(ψn) (4.1.2)

where Ray is the Rayleigh operator as defined by Eq.(3.1.2). In the following section,

we present a detailed account of the actual laboratory experiments necessary for

examining the modeling of mechanically excited panels.

4.2 Laboratory experiments

We chose four plates including a thick sandwich composite plate (with a Nomex hon-

eycomb core), and a Carbon-Fiber-Reinforced Polymer (CFRP) laminate composite

plate as well as two isotropic plates (aluminium and steel ones). Nomex honeycomb

cores have been widely used in composite sandwich panels. Nomex (DuPont de

Nemours, Inc.) honeycomb cores can be an appropriate choice for manufacturing

thick sandwich panels concerning their environmental resistance, flammability prop-



4.2. LABORATORY EXPERIMENTS 71

Figure 4.1: The geometrical configuration associated with an example of a thick composite
sandwich panel with a Nomex honeycomb core covered by CFRP face sheets subjected to

point-force mechanical excitation q = q̃(ω)eiωt

erties, dielectric properties, and galvanic compatibility with face sheets (Roy et al.

[2014]). On the other hand, Carbon fiber reinforced plastics (CFRP) laminate is a

type of composite panel, which is made of extremely strong and light fiber-reinforced

plastics that contain carbon fibers, have found extensive usage as structural com-

ponents in various types of advanced structures (cf. Qi et al. [2019]). In addition

to the two composite plates, we also examined two isotropic ones (aluminium and

steel). The usage of the isotropic plates had the advantage that the modeling and

simulation could additionally be tested and validated for the special case of the 4th

order equation (see Eq.(2.3.3)) that is applicable for isotropic plates, too.

In this study, the above experimental plates sometimes referred to as specimens, are

examined in controlled laboratory conditions in a semi-anechoic chamber whose di-

mensions were 3.4m(W )×5m(L)×1.9m(H). The semi-anechoic chamber possessed

a measuring window (with dimensions 60cm × 40cm), which could be used for vi-

broacoustic measurements of vibrating plates (the semi-anechoic room was coupled

to another untreated room) (see Figure 4.3 ).
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4.2.1 Experimental set-up

The experimental set-up of the current study has been summed up by Figure 4.2,

and some views of the laboratory configuration have been shown by Figure 4.3.

For performing vibration measurements, a scanning laser vibrometer system (PSV-

300-F/S High Frequency Scanning Vibrometer System), manufactured by Polytec

Co., has been used. The scanning laser vibrometer system was used to measure the

full-vibration field associated with the flexural displacement of the vibrating plates

from the inside of the semi-anechoic chamber when the plates were been shaken

from the other side of the measuring window (see Figure 4.3). The specimens were

installed in the 40cm × 60cm measuring window in such a way that the boundary

condition of the vibrating plates was similar to a clamped boundary condition. For

this purpose, in the experiments of each specimen, all the screws of the measuring

window frame were installed with a torque of 30Nm (see Figure 4.3 (b)). Also, a

shaker was used for a point-wise excitation of the plates from the back while it was

attached to a piezoelectric sensor as the force transducer with sensitivity 105.5mV/N

for measuring and sending the force signal to the spectrum analyzer (see Figure 4.3

(c)). In addition to the laser measurements, the sound radiated from the vibrating

plates in the semi-anechoic chamber was recorded at a distance of 50cm from the

middle of the vibrating plates. Herein, the sounds were recorded with an omnidi-

rectional microphone, manufactured by Brüel & Kjær Co., with a sensitivity equal

to 27.3mV/Pa. After calibration, the sound pressure level (SPL) was calculated.

Figure 4.3 (e) illustrates the microphone facing the vibrating plate and recording

the sounds. Also, the scanning laser system was equipped with a spectrum analyzer

acquiring the signals sent from the laser vibrometer as well as other sensors includ-

ing the piezoelectric sensor and the microphone. The spectrum analyzer enabled

a white noise signal to be generated and sent to a signal generator for producing

the voltage required by the shaker. Then, the laser vibrometer, microphone, and

piezoelectric sensor of the force transducer simultaneously sent their signal to the

spectrum analyzer that gathered the spectra of all the data in a unique database

including the spectra belonging to all the sensors.

4.2.2 Characteristics of specimens

The four specimens had the dimensions 42cm × 62cm that could be clamped and

installed in the measuring window. One of the specimens was a thick sandwich plate

with a Nomex honeycomb core covered by two face sheets, and its total thickness

was equal to 13.9mm. The two face sheets of this composite structure are made
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Figure 4.2: The schematic diagram of the experimental set-up

Figure 4.3: Some views of the configuration associated with the laboratory experiments: a) the
PSV-300-F/S Scanning Vibrometer head, b) the clamped boundary condition performed with a
torque equal to 30Nm for screws of the window frame, c) the shaker attached to the plate and
connected to a piezoelectric sensor sending the force signal, d) the measuring window, and the
floor covered by soundproofing forms e) the microphone recording the sound, f) the spectrum

analyzer, g) the spectrum analyzer software

of two CFRP plates, seemingly woven, surrounding the Nomex honeycomb core,

where the thickness of each face sheet and core is 0.2mm and 13.5mm, respectively.
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According to the literature, we could have an initial prediction on some character-

istics of the core. According to the mechanical characterization study of Nomex

honeycomb core done by Roy et al. [2014] and Zhou et al. [2021], the equivalent

shear modulus of the core was initially taken as 50Mpa. Also, each face sheet was

initially assumed to be equivalent to a laminate composed of CFRP plys with a

layout [0/90]. According to the studies of Shahdin et al. [2011], Qi et al. [2019],

Zhou et al. [2021], the mechanical properties of the CFRP plys with epoxy matrix

after curing were considered as what presented in Table 4.1. The other specimen

was a composite laminate plate made of 25 CFRP plys with a symmetric layout

as [(+45/-45/0/+90/0/+45/-45/0/+90/0/+45/-45)2 0]S. For this laminate plate,

herein sometimes called a thin composite plate, the mechanical characteristics of

each ply after curing were also assumed to be equal to what is presented in Table

4.1. The aforementioned values of the mechanical properties for each component

of the two composite panels enabled the study to have an initial evaluation of the

effective mechanical properties of the composite panels. Accordingly, a prediction

on the equivalent values of the bending stiffness coefficients could be obtained by

calculating the ABD stiffness matrix in classical laminate theory (CLT) where the

bending stiffness could be initially estimated as follows:

Dij =
1

3

∑
k

Q̄k
ij(z

3
k − z3k−1) (4.2.1)

where [Q̄k
ij] is the transformed reduced stiffness matrix, zk is the represents the

vertical position in the kth layer of the composite plate from the mid-plane measured

in meters, and i, j = 1, 2, 6 (e.g., see Kaw [2005], Daniel et al. [2006]). In addition,

we had a 3mm thick aluminum plate, as well as a 0.85mm thick steel plate. At the

initial step, the Young modulus and Poisson ratio of the aluminium specimen were

presumed to be equal to 70GPa and 0.33, and also, for the steel specimen to be

equal to 210GPa and 0.28, respectively. Furthermore, the precise values of the mass

density associated with specimens could be obtained via measuring the dimensions

and the weights of the specimens. Thus, the measured values of the mass densities

corresponding to the composite thick sandwich, thin composite laminate, and the

aluminium and steel plates have been obtained equal to 138, 1506, 2648, and 7769

kg/m3, respectively.

Accordingly, we could reach initial approximations of the flexural bending stiffness

coefficients associated with the plates. According to Table 4.1, the shear modulus

of the composite sandwich was assumed to be equal to 50MPa, and its total flexural

stiffness coefficient Dt required by the 6th order problem was obtained equal to

935Nm. Similarly, according to the initial information on the mechanical parameters,
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Table 4.1: The initial information on the mechanical parameters. The mechanical
properties of each CFRP ply with epoxy matrix after curing are based on the assess-
ments of Shahdin et al. [2011], Qi et al. [2019], Zhou et al. [2021], and those of the
Nomex core are based on the studies of Adams and Maheri [1993], Roy et al. [2014],
Zhou et al. [2021]. The mass densities were measured in the laboratory experiments

E1 E2 G12 ν h [mm] ρ [kg/m3]

CFRP ply 140 GPa 7 GPa 3 GPa 0.3 0.14-0.2 1506

Nomex core 100 MPa 100 MPa 50 MPa 0.25 13 80

Aluminium 70 GPa 70 GPa 30 GPa 0.33 3 2648

Steel 210 GPa 210 GPa 80 GPa 0.29 0.85 7769

the flexural bending stiffness corresponding to the aluminium and steel plates were

equal to 176Nm, and 12Nm, respectively. Besides, according to Eq.(4.2.1) as well

as the information of Table 4.1, the orthotropic bending coefficients of the thin

composite laminate plate were equal to D11 = 237Nm, D22 = 163Nm, D12 = 72Nm,

and D66 = 75Nm. In this work, at the initial stage, we used these initial values of the

bending stiffness for providing an initial prediction on the vibroacoustic behaviors

of the specimens when they are mechanically excited with a white-noise point-wise

force.

4.2.3 Measurements

The full-field vibration measurements for all the specimens were performed via the

PSV-300-F/S laser doppler vibrometer (LDV) while the shaker was exerting a point-

wise excitation with a white-noise behavior to the specimens. The analyzer of the

PSV-300-F/S system provided the shaker with the white noise signal, and the LDV

enabled non-contact vibration measurements of the specimens’ surfaces to be under-

taken. The LDV directed laser beams at the surface of interest, and the vibration

amplitude and frequency were extracted from the Doppler shift of the reflected laser

beam frequency due to the motion of the vibrating plates. Originally, the output of

an LDV is a continuous signal presenting the velocity field of the vibrating plates,

which could be converted to the full-filed vibration field. Also, herein, we performed

the laser scanning on 1855 nodes for both the sandwich and laminates plates, and

on 2109 and 2035 nodes for the aluminum and steel plates, respectively. It means

that the average spatial resolution of the laser scanning was between 0.87cm to

0.94cm. The measurement acquired for the frequency range [3.125Hz, 10kHz] with

the frequency resolution equal to 3.125Hz. Since one of the main goals of these
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experiments was the use of the measurements in psychoacoustic experiments, herein

the maximum frequency range of the LDV system (i.e. [3.125Hz, 10kHz]) has been

selected to perform measurements.

Furthermore, in Chapter 5, we will explore another primary usage of the laser vibra-

tory measurements in current research, which involves updating models and param-

eters. This task necessitates experimental information on natural frequencies and

their corresponding modes, obtained from 3D full-field vibratory measurements. For

extracting the natural frequencies and their corresponding mode shapes from the

full-field vibration field, we adopted a technique for the identification of frequency

response function (FRF), based on the concept of the Single-input multiple-output

(SIMO) systems. For this purpose, first, a number of the laser observation nodes for

each plate were selected, where the velocity was measured for the desired frequency

range [3.125Hz, 10kHz]. Then considering the observed force signal as a single-

input (SI) and considering the measured velocity as the Multiple-outputs, we could

form a SIMO system, and hence, its natural frequencies could be extracted from

the system by the Least-Squares Complex Exponential Method. The least-squares

complex exponential method estimates the FRF corresponding to each Single-input

multiple-output (SIMO) system and fits to the response a set of complex damped

sinusoids using Prony’s method (see Heylen et al. [1997];He and Fu [2001];Brandt

[2011], Ozdemir and Gumussoy [2017]). In Chapter 5, the measured values of the

model shapes were used in the updating procedures.

Furthermore, in the laboratory experiments, an essential measurement for assess-

ing the modeling and simulations was the Sound Pressure Level (SPL). The SPL

was obtained using omni-directional microphones, which were closely monitored by

the LDV system. The microphone had been previously calibrated at a frequency

of 1kHz, with a sound level of 94dB. Consequently, based on the modeling of the

flexural displacement w and the SPL emitted by the vibrating panels under mechan-

ical excitation (as discussed in Section 5.1), we can draw comparisons between the

laboratory measurements and the simulations. The figures 4.4 to 4.7 provide some

representations of these comparisons between the simulations and measurements.

The detailed comparisons and analyses of the measurements and simulations are

discussed in depth in Chapter 5 regarding the updating procedures.

4.3 Discussion

In this chapter, we have explored the vibroacoustic modeling applied to composite

panels under mechanical excitation. This exploration encompasses a combination of

theoretical insights and practical experimentation. To achieve this, we conducted a
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Figure 4.4: The measured and simulated SPLs at 50cm distance for the sandwich plate

Figure 4.5: The measured and simulated SPLs at 50cm distance for the composite laminate plate

series of laboratory experiments, utilizing techniques such as laser Doppler vibrom-

etry and sound pressure level measurements. These measurements were carried out

different composite and isotropic panels including a thick composite panel with a

Nomex honeycomb core, and a thin CFRP laminate composite panel as well as two

isotropic plates composed of steel and aluminum for enhancing the validation pro-

cess. The outcomes derived from these experiments will lay the essential foundation

for the upcoming phases of the thesis, which are dedicated to improving vibroacous-

tic models, with a specific focus on addressing psychoacoustic aspects and subjecting

them to rigorous perceptual validation. Hence, to ensure the highest level of accu-
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Figure 4.6: The measured and simulated SPLs at 50cm distance for the aluminium plate

Figure 4.7: The measured and simulated SPLs at 50cm distance for the steel plate

racy in our simulations and achieve a strong agreement between the simulations and

these laboratory measurements, it is crucial that we update and enhance the exist-

ing models for vibrating panels, which can minimize the uncertainty of simulations

to the greatest extent possible. Therefore, the next chapter will be dedicated to

the critical process of updating models and parameters. Additionally, a more com-

prehensive analysis and discussion of the results will be provided in the following

chapter.



Chapter 5

Updating models and parameters

For accurate vibroacoustic modeling of panels, updating models and parameters is

an essential stage. In this chapter, we aim to theoretically and experimentally review

this stage. For this purpose, a hybrid updating method is proposed, incorporating

hierarchical functions, inhomogeneous wave correlation approach, and least squares

optimizations. Then various laboratory measurements presented in the previous

chapter, including Laser Doppler Vibrometry measurements as well as sound pres-

sure levels, are analyzed. The analyses of the experiments indicate the ability of the

hybrid approach to adjust parameters and precisely model vibroacoustic behaviors

of the panels. In the next stages of the thesis, the proposed hybrid method will play

an important role in enhancing the precision of vibroacoustic modeling, and subse-

quently, it will enable us to accurately synthesize sounds necessary for conducting

psychoacoustic tests and perceptual assessment. It is worth mentioning that certain

sections of this chapter, as well as the previous one, have been incorporated into the

article authored by AllahTavakoli et al. [2023a].

5.1 Introduction

The optimal design of composite structures is a burning issue (e.g., see Jones [2018]),

and having a precise prediction about their vibroacoustic behavior is an essential

stage for design optimization. The uncertainty remaining in numerical models and

their parameters is the major barrier to precisely modeling the structure dynamics

(e.g., see Friswell and Mottershead [1995]). Hence, model and parameter updating

will be essential to reduce such uncertainty remaining in the models, and their pa-

rameters (Friswell and Mottershead [1995]). The purpose of parameter updating is

to present physical meaning to a deficient model from real experiments where the

79
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model suffers from a lack of precise knowledge about mechanical parameters, bound-

ary conditions, and component connections (Mottershead and Friswell [1993]). Al-

though in recent decades, many studies can be found in this regard, this issue is still

of great interest to many researchers for either updating or identifying parameters in

different case studies (e.g., see Girardi et al. [2021], Standoli et al. [2021], Chengwei

et al. [2022]).

In the research conducted in the nineties, one can come across useful studies for

reviewing advanced methods of updating (e.g., see Friswell [1990], Mottershead and

Friswell [1993] and Humbert [1999]). These studies were then followed by stud-

ies on parameter identification, model updating, damage identification, and health

monitoring in the context of different mechanical behaviors at the beginning of the

21st century ( Farrar et al. [2001], Sinha et al. [2002], Carden and Fanning [2004],

Živanović et al. [2005], Kerschen et al. [2006]). Afterward, other studies like Chen

et al. [2006] performed analyses for investigating model and data uncertainties in

structural dynamics with a case study of composite sandwich panels. Chen et al.

[2006] dealt with the experimental identification, model updating, and validation of

a non-parametric probabilistic method.

Meanwhile, parameter identification was another important issue in the parameter

updating associated with composite sandwich panels. For instance, for the pa-

rameter identification, following Berthaut et al. [2005] which set the bases of in-

homogeneous wave correlation method (IWC), Ichchou et al. [2008] proposed an

approach and applied it to one and two-dimensional sandwich structures with hon-

eycomb cores. Their approach is founded on the k-space characteristics of measured

or simulated data and it starts from the spatially distributed fields of a vibrating

structure for identifying the complete dispersion curve. The method of Ichchou

et al. [2008] uses a harmonic field as the primary input, and then the correlation

between this harmonic field and an inhomogeneous wave is calculated, leading to

a wavenumber-dependent objective function, called Inhomogeneous Wave Correla-

tion (IWC). Also, the approach includes an inverse technique for the optimization

of the correlation index. Ichchou et al. [2008] successfully compared the technique

with another wavenumber identification tool proposed by McDaniel et al. [2000] and

McDaniel and Shepard Jr [2000]. Finally, in this research, parameter identifica-

tion was attained via a least square algorithm, where a sandwich honeycomb was

examined via the proposed method, and the results were successfully validated by

an analytical model of Nilsson and Nilsson [2002]. Afterward, the IWC approach

was also followed by other researchers in their parameter identification studies like

Chronopoulos et al. [2013], Cherif et al. [2015], and Van Belle et al. [2017].

Besides, nowadays by virtue of high-tech laser vibrometers and digital cameras, we
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are able to carry out the parameter identification and updating via using full-field

vibration data. The increasing usage of these technologies in modal analysis has

made full-field measurement of vibration mode shapes available (Mottershead et al.

[2011]). Wang et al. [2011] presented a study on model updating from full-field vi-

bration measurement using digital image correlation. This study shows how such a

comparison of structural responses between predictions and full-field vibration mea-

surements is an essential step in model updating.

In recent years, we can also come across other different studies for updating, opti-

mizing, and identifying mechanical parameters of composite panels. For instance,

Esfandiari [2014] proposed a model updating algorithm for estimating structural

parameters at the element level using frequency domain representation of the strain

data. Also, Tsai et al. [2015] propounded the optimization approach that could

optimize material properties of a composite panel for a sound transmission prob-

lem. Wang et al. [2017] proposed a model updating method based on acceleration

frequency response function (FRF), and applied a Kriging model to structural ac-

celeration FRF-based model updating. Also, Cuadrado et al. [2019] provided an

approach for the model updating of uncertain parameters of carbon/epoxy compos-

ite plates from experimental modal data.

Furthermore, along with the above-mentioned studies, another type of updating

method has emerged in recent years, which attempts to employ artificial intelligence

and machine learning techniques for updating parameters and models. For example,

Hwang and He [2006] proposed an adaptive real-parameter simulated annealing ge-

netic algorithm incorporated with natural frequency error function to estimate elastic

properties of composite materials. Also, De Albuquerque et al. [2010] assessed de-

lamination damages on composite plates using an Artificial Neural Network for the

radiographic image analysis. Katunin and Przysta lka [2014] performed a damage

assessment on composite plates using fractional wavelet transform of modal shapes

with an optimized selection of spatial wavelets. Petrone and Meruane [2017] used

an inverse modeling method based on a parallel genetic algorithm for updating me-

chanical properties throughout a composite panel in order to get a good numerical-

experimental correlation. Tam et al. [2019] proposed an identification approach for

isotropic and composite panels, known as, the two-stage meta-heuristic hybrid GA-

ACO-PSO optimization method that uses the natural frequency error function, and

FRF error function in its first and second stages, respectively. Also, Khatir et al.

[2021] proposed another two-stage approach to study damage detection, localization,

and quantification in Functionally Graded Material (FGM) plate structures.

The integration of various methods to suggest a hybrid approach comes with cer-

tain limitations such as challenges related to compatibility between the methods,
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heightened complexity for users, and the requirement for meticulous assessments.

However, these limitations can be largely addressed through the implementation of

a specific structure, clear formulations and procedures, and detailed experimental

evaluations. The main advantage of a hybrid method is the utilization of the proven

capabilities of previously established methods and its progressive implementation,

allowing for the controlled evaluation and enhancement of the updated parameters

and model at each stage.

In this chapter, continuing the above-mentioned studies, the proposed hybrid ap-

proach is founded on concepts of Hierarchical functions, IWC approach, and least

squares optimizations, and finally, its abilities are successfully examined in labora-

tory experiments. Such validated abilities of the proposed method for calculations

up to high frequencies, normally not considered in classical simulations, will also be

capable of presenting accurate modeling from a perceptual point of view in future

psychoacoustic studies, which is one of the future goals of this research, too.

Herein, the originality of the proposed hybrid approach owes much to the analytical

formulations of the problems, using the capabilities of the IWC technique during

updating procedures, and completing the procedures with the total least square op-

timization, while the ground-truth laboratory measurements accompany and control

the procedures in all the steps. The Hierarchical functions have facilitated the ad-

vantage of the hybrid method in analyzing the problem analytically and preparing

it for optimizations. Additionally, the IWC approach has empowered the parame-

ter identification and control of initial values for the mechanical parameters of the

composite panels. Lastly, the utilization of the least squares methods has enhanced

the optimization capabilities of the hybrid approach.

5.2 Hybrid Updating Method

Herein, the methodology starts with the hierarchical functions required for modeling

high-order bending modes and consequently modeling the flexural vibration. The

variational formulation is analyzed via the hierarchical functions, and then the IWC

technique is presented for performing an initial tuning to mechanical parameters

used in the formulation. Afterward, the procedure of model updating is explained,

and at last, the methodology ends with the least square optimization and updated

values of the parameters. The structure and main stages of the proposed hybrid

updating method are illustrated by Figure 5.1.
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Figure 5.1: The schematic diagram illustrating the hybrid updating method

5.2.1 Hierarchical functions and formulations

Hierarchical functions are employed to model flexural motion of the plate structure

where these functions are constructed by a type of trigonometric functions. The hi-

erarchical functions can provide us with a better convergence rate when predicting

high-order natural flexural modes of rectangular vibrating plates with any bound-

ary conditions (Beslin and Nicolas [1997]). Hence, according to the Rayleigh–Ritz

method, the Fourier transform of the flexural displacement w̃ (x, y;ω) can be approx-

imated by the following relation (Beslin and Nicolas [1997], Jaouen et al. [2005]):

w̃ (x, y;ω) =
∑
n

w̃n(ω)ϕn(x, y) (5.2.1)

where {w̃n} are complex coefficients, and the hierarchical functions {ϕn} are defined

as follows:

ϕn(x, y) = αl(ξ)αk(η) (5.2.2)

where n = n(l, k), and ξ = 2x/a − 1 and η = 2y/b − 1 are dimensionless space

variables, and the functions {αl} are of the following form (Beslin and Nicolas [1997],

Jaouen et al. [2005]):

αl(ξ) = sin(alξ + bl)sin(clξ + dl) (5.2.3)

where the coefficients {al, bl, cl, dl} are defined in Table 5.1, and meanwhile, the order

l enables us to consider various Boundary Conditions (B.Cs) for the vibrating plate

as follows:
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Table 5.1: The coefficients {al, bl, cl, dl} required for defining the hierarchical func-
tions

al bl cl dl

l = 1 π/4 3π/4 π/4 3π/4

l = 2 π/4 3π/4 −π/2 −3π/2

l = 3 π/4 −3π/4 π/4 −3π/4

l = 4 π/4 −3π/4 π/2 −3π/2

l ≥ 5 (l − 4)π/2 (l − 4)π/2 π/2 π/2

• Free B.C: l ≥ 1

• Simply Supported B.C: l = 2, 4 and l ≥ 5

• Clamped B.C: l ≥ 5

Since the laboratory experiments were performed for vibrating plates under bound-

ary conditions near the clamped boundary condition, from here on the clamped

boundary condition is considered. However, according to the above-mentioned the-

ories, the concepts of the methodology will remain the same for other types of

conditions. Besides, in practice, the choice of a large value for parameter n in the

Rayleigh–Ritz approximation (i.e. Eq.5.2.1) enables us to estimate a greater num-

ber of modes in the problem. On the other hand, to achieve convergence of the

approximation and obtain an appropriate solution, the maximum number of modes

should be appropriately selected for the modal decomposition (i.e. Eq.(2.3.5) in

Chapter 2)). It is possible to demonstrate that the maximum number of modes N

is a function of the desired maximum frequency when the problem is treated as a

two-dimensional system (e.g., see chapter 6.3 in Le Bot [2015]). Now, according to

the Rayleigh–Ritz approximation based on the hierarchical functions, we can reach

variational formulations for both the 4th and 6th order problems.

For 4th order problem

So, if the hierarchical function ϕm with the order m plays the role of a test function

in the variational formulation for the 4th order problem (see Eq.(2.3.2)), we will have
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the following equation for the case of free vibration (i.e. when q = 0):

D11

∫ b

0

∫ a

0

∂4w̃

∂x4
ϕmdxdy + 2(D12 + 2D66)

∫ b

0

∫ a

0

∂4w̃

∂x2∂y2
ϕmdxdy+

D22

∫ b

0

∫ a

0

∂4w̃

∂y4
ϕmdxdy −Mω2

∫ b

0

∫ a

0

w̃ϕmdxdy = 0

(5.2.4)

and subsequently, according to the Rayleigh–Ritz approximation (i.e. Eq.(5.2.1)),

we will also have

D11

∑
n

w̃n

∫ b

0

∫ a

0

∂4ϕn

∂x4
ϕmdxdy + 2(D12 + 2D66)

∑
n

w̃n

∫ b

0

∫ a

0

∂4ϕn

∂x2∂y2
ϕmdxdy+

D22

∑
n

w̃n

∫ b

0

∫ a

0

∂4ϕn

∂y4
ϕmdxdy −Mω2

∑
n

w̃n

∫ b

0

∫ a

0

ϕnϕmdxdy = 0

(5.2.5)

Thus, according to the integration by parts and the characteristics of the hierarchical

functions defined for the clamped boundary condition (i.e. when n,m ≥ 5), we have

D11

∑
n

w̃n

∫ b

0

∫ a

0

∂2ϕn

∂x2
∂2ϕm

∂x2
dxdy + 2(D12 + 2D66)

∑
n

w̃n

∫ b

0

∫ a

0

∂2ϕn

∂x∂y

∂2ϕm

∂x∂y
dxdy+

D22

∑
n

w̃n

∫ b

0

∫ a

0

∂2ϕn

∂y2
∂2ϕm

∂y2
dxdy −Mω2

∑
n

w̃n

∫ b

0

∫ a

0

ϕnϕmdxdy = 0

(5.2.6)

Accordingly, the above equation changes into Kw̃ − ω2Mw̃ = 0 where w̃ = [w̃n],

and the stiffness matrix K = [Kmn] and mass matrix M= [Mmn] belonging to the

4th order problem are defined as follows:

K = [Kmn] =

[∫ b

0

∫ a

0

(D11
∂2ϕn

∂x2
∂2ϕm

∂x2
+ 2(D12 + 2D66)

∂2ϕn

∂x∂y

∂2ϕm

∂x∂y
+D22

∂2ϕn

∂y2
∂2ϕm

∂y2
)dxdy

]
(5.2.7)

M = [Mmn] =

[
M

∫ b

0

∫ a

0

ϕnϕmdxdy

]
(5.2.8)

For 6th order problem

Similarly, based on the 6th order problem introduced in Chapter 2, we can also obtain

the following formulation for the case of free vibration in the 6th order problem (i.e.
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when q = 0):

Dt

∫ b

0

∫ a

0

∇6w̃ϕmdxdy −Dtǵ(1 + Y )

∫ b

0

∫ a

0

∇4w̃ϕmdxdy

−Mω2

∫ b

0

∫ a

0

(∇2w̃ − ǵw̃)ϕmdxdy = 0

(5.2.9)

So, subsequently, the Rayleigh–Ritz approximation (i.e. Eq.(5.2.1)) implies that

Dt

∑
n

w̃n

∫ b

0

∫ a

0

∇6ϕnϕmdxdy −Dtǵ(1 + Y )
∑
n

w̃n

∫ b

0

∫ a

0

∇4ϕnϕmdxdy

−Mω2
∑
n

w̃n

∫ b

0

∫ a

0

(∇2ϕn − ǵϕn)ϕmdxdy = 0

(5.2.10)

Therefore, using the integration by parts, and considering the characteristics of

the hierarchical functions defined for the clamped boundary condition (i.e. the

hierarchical functions with the orders n,m ≥ 5), we will obtain

Dt

∑
n

w̃n

∫ b

0

∫ a

0

∇3ϕn ·∇3ϕmdxdy +Dtǵ(1 + Y )
∑
n

w̃n

∫ b

0

∫ a

0

∇2ϕn∇2ϕmdxdy

−Mω2
∑
n

w̃n

∫ b

0

∫ a

0

(∇ϕn ·∇ϕm + ǵϕnϕm)dxdy = 0

(5.2.11)

where the dot · is the sign of the inter product, ∇3(•) = ∇(∇2(•)), and ∇(•) =

(∂(•)
∂x
, ∂(•)

∂y
) is the gradient operator. Consequently, the above relation is also formed

into Kw̃ − ω2Mw̃ = 0, and the stiffness matrix K = [Kmn] and mass matrix

M= [Mmn] corresponding to the 6th order problem are obtained as follows:

K = [Kmn] =

[∫ b

0

∫ a

0

Dt(∇3ϕn ·∇3ϕm + ǵ(1 + Y )∇2ϕn∇2ϕm)dxdy

]
(5.2.12)

M = [Mmn] =

[
M

∫ b

0

∫ a

0

(∇ϕn ·∇ϕm + ǵϕnϕm)dxdy

]
(5.2.13)

The above formulation for the 6th order problem indicates that the stiffness and

mass matrices are formed by (semi-) inner products of Sobolev spaces (cf. Adams

and Fournier [2003]).
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5.2.2 Inhomogeneous wave correlation technique

First, we need to have a certain initial knowledge about the mechanical parame-

ters including Young modulus, Poisson ratio, shear modulus, and bending rigidity

coefficients for constructing the governing equations. Although one can usually ob-

tain such initial knowledge of the parameters from previous studies, and any initial

information about the parameters is enough to theoretically perform the updating

procedure, and we do not expect much from their precision, in practice these initial

values should be both reliable and acceptable. For this purpose, we can utilize meth-

ods of property identification for identifying effective structural properties. Hence,

as introduced in Section 5.1, according to the abilities of the inhomogeneous wave

correlation method (IWC) technique (Berthaut et al. [2005], Ichchou et al. [2008]),

this approach can be helpful in this step, and hence, herein, we used IWC technique

for initially tuning the mechanical parameters of composite panels before performing

the model updating and associated optimizations.

The IWC approach starts with an acquired full field of the vibrating panel, for con-

structing the k-space. This technique uses the acquired full field of vibration like w

as the primary input, which can be acquired in a controlled laboratory condition via

Laser precise Doppler Vibrometers (LDVs) or precise digital cameras. Then the cor-

relation between the full field and an inhomogeneous wave ok,γ.θ is calculated. This

correlation leads us to a wavenumber-dependent objective function, the so-called

Inhomogeneous Wave Correlation (IWC) as follows (Berthaut et al. [2005], Ichchou

et al. [2008]):

IWC(k, γ, θ) =

∣∣∣∫ b

0

∫ a

0
wok,γ.θdxdy

∣∣∣√∫ b

0

∫ a

0
|w|2 dxdy

∫ b

0

∫ a

0
|ok,γ.θ|2 dxdy

(5.2.14)

where ok,γ.θ = e−ik(θ)(1+iγ(θ))(x cos(θ)+y sin(θ)), k(θ) is the wave number in the di-

rection θ, and γ(θ) is the wave attenuation defined by Lyon et al. [1995]. So, the

maximization of the above IWC objective function implies the identification of the

complex wave number k for the given direction θ in the k-space. Then, based on the

identified wave number in various directions of the k-space as well as considering

the dispersion relations (see Chapter 2), we can perform identification of mechanical

properties of the composite panel too, see (Ichchou et al. [2008]). In the current

study, this approach has been used for initially predicting the mechanical effective

properties of panels before going through the model updating and associated opti-

mization.
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5.2.3 Model updating

Experimental knowledge about the full vibration field of the vibrating panel is re-

quired for adjusting the models and their associated parameters. Nowadays, such

experimental data about the full vibration field can be acquired via advanced scan-

ning laser vibrometers or high-speed cameras (Stanbridge et al. [2004], Mottershead

et al. [2011], Wang et al. [2011]). In this step, we apply the mode shapes, extracted

from the full-field vibration data, acquired from laboratory experiments, to the mod-

els of the 4th and 6th order problems (in the next Section the procedure required for

extracting the modes from the experimental data has been discussed).

So, first assume that the columns of the matrix ΨM = [ψM
l ] = [ψM

l (xk, yk)] contains

the measured values of the mode shapes acquired in laboratory experiments (where

ψM
l is the lth column of the matrix ΨM , which contains the measured values of the

lth modal function ψn, and ψM
l (xk, yk) is the measured value of the lth mode at the

node k with coordinates (xk, yk)]). The measured values of the mode shapes should

be projected to the hierarchical base functions. For this purpose, the measured val-

ues of the lth mode shape at the node k can be approximated by the Rayleigh–Ritz

method and hierarchical function as follows (see Eq.(5.2.1)):

ψM
l (xk, yk) =

∑
n

ΨM
nl (ω)ϕn(xk, yk) (5.2.15)

The above relation constitutes a system of linear equation, where on the left-hand

side we have the measured values of the mode shapes [ψM
l (xk, yk)], and on the

right-hand side we have the known coefficients [ϕn(xk, yk)] (the known values of nth

hierarchical functions at the node k).

So, by means of solving the above linear system, we can reach another form of the

measured mode matrix ΨM = [ΨM
nl ] that is actually the projection of the measured

modes onto the hierarchical functions. Furthermore, before using this matrix it is

recommended to normalize its columns in the following way: Ψl := Ψl

(
ΨT

l MΨl

)− 1
2

where Ψl is the lth column of the matrix ΨM before normalization, i.e. Ψl is the

measured lth mode shape and formed by the hierarchical functions before normaliza-

tion. For more information on this type of normalization (e.g., see Baruch [1978]).

Now, the measured values of the mode shapes are ready to be used by the model

updating.

Thus, for the 4th and 6th order problems (see Subsections 5.2.1 and 5.2.1) if we

suppose that the stiffness matrix K is more affected by the uncertainties than the

mass matrix M, we can consider the mass matrix M as the reference matrix. So,

by means of the following least squares optimization, Baruch method, we can find
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the correction to the stiffness matrix δK as well as the optimized matrix of mode

shapes Ψ̂ as follows (see Baruch [1978], Humbert [1999]):


∥∥∥M− 1

2 δKM− 1
2

∥∥∥2

F
→Min

K̂Ψ̂ = MΨ̂Ω2
M

K̂ = K̂T

,


∥∥∥M 1

2 δΨ
∥∥∥2

F
→Min

Ψ̂TMΨ̂ = I
(5.2.16)

where δK = K̂−K, and δΨ = Ψ̂−ΨM is the correction to the mode shapes, also,

∥•∥F is the Frobenius norm, and ΩM is a diagonal matrix whose diagonal elements

consists of measured values of angular natural frequencies corresponding to the mea-

sured modes. Baruch [1978] showed that the solution to the above optimization will

be as follows:

δK = −KΨ̂Ψ̂TM−MΨ̂Ψ̂TK + MΨ̂Ψ̂TKΨ̂Ψ̂TM + MΨ̂Ω2
MΨ̂TM

Ψ̂ = ΨM(ΨT
MMΨM)−

1
2

(5.2.17)

Herein, the above solution enables us to update the associated stiffness matrices

obtained by Eqs.(5.2.7) and (5.2.12), and consequently, it will enable us to update

the corresponding parameters of the 4th and 6th order problems as discussed in the

following subsection.

5.2.4 Total least squares optimization

Accordingly, suppose that the vector p = [pi] consists of the parameters to be

updated. We know that the stiffness matrix is a function of the parameters (i.e.

K = K(p) and Knm = Knm([pi])). Hence, we have

δKnm =
∑
i

∂Knm

∂pi
δpi (5.2.18)

So, considering the correction to the stiffness matrix δK = [δKnm] obtained via

Eq.(5.2.17) and laboratory experiments, the above equation for all the elements of

the matrix δK = [δKnm] constitutes a system of linear equations like b = Ax where

x as the unknown vector consists of the corrections to the parameters (x = δp = [pi]),

the vector b = [δKnm] as the known data consists of the elements of δK obtained via

Eq.(5.2.17), and the matrix A = [∂Knm

∂pi
] is formed by the derivatives of the elements

of the stiffness matrix as discussed in the following.
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For 4th order problem

For the 4th order problem, we have three independent parameters, which can be esti-

mated via the above-mentioned linear problem. According to Eq.(5.2.7) formulating

the stiffness matrix of the 4th order problem via the hierarchical functions, the three

independent parameters are p1 = D11, p2 = D12 + 2D66, and p3 = D22, and we have

(see Eq.(5.2.7))
∂Kmn

∂p1
=
∂Kmn

∂D11

=

∫ b

0

∫ a

0

∂2ϕn

∂x2
∂2ϕm

∂x2
dxdy (5.2.19)

∂Kmn

∂p2
= 2

∫ b

0

∫ a

0

∂2ϕn

∂x∂y

∂2ϕm

∂x∂y
dxdy (5.2.20)

∂Kmn

∂p2
=
∂Kmn

∂D22

=

∫ b

0

∫ a

0

∂2ϕn

∂y2
∂2ϕm

∂y2
dxdy (5.2.21)

For 6th order problem

Also, for the 6th order problem, we have two parameters whose corrections can also

be estimated by Eq.(5.2.18). Thus, according to Eq.(5.2.12) formulating the stiffness

matrix of the 6th order problem via the hierarchical functions, the two parameters

are p1 = Dt, and p2 = Dtg
′, related to the total flexural rigidity and the shear

parameter of the core, and hence, we have (see Eq.(5.2.12))

∂Kmn

∂p1
=

∫ b

0

∫ a

0

∇3ϕn ·∇3ϕmdxdy (5.2.22)

∂Kmn

∂p2
= (1 + Y )

∫ b

0

∫ a

0

∇2ϕn∇2ϕmdxdy (5.2.23)

Updating parameters

Accordingly, now we can solve Eq.(5.2.18) for finding the corrections to the parame-

ters and consequently updating the parameters. Herein, we employed the total least

squares method (TLS) for adjusting and solving Eq.(5.2.18). The total least squares

method is a natural generalization of the least squares method, recommended for

solving a system of linear equations when all the given data including both the

model A and b suffer from uncertainties, and it has a wide range of applications in

system theory, signal processing, and computer algebra (Markovsky and Van Huffel
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[2007]). In order to estimate the residual parameters [δpi] and subsequently update

the parameters [pi], according to the total least squares method, the solution to the

equation Eq.(5.2.18) formed into b = Ax will be as follows (see Markovsky and

Van Huffel [2007]):

δp̂ = x̂ = (ATA− σ2
n+1I)

−1ATb (5.2.24)

where the elements of A = [∂Knm

∂pi
] are obtained by Eqs.(5.2.19) to (5.2.22), σn+1 is

the smallest singular value of the matrix [A b], and I is the identity matrix. So, at

last the updated parameters p̂ will be obtained by adding the estimated corrections

δp̂ to the initial parameters p (i.e. p̂ = p + δp̂).

5.3 Updating procedures

First, parameter identification was performed for the problems formulated by the

hierarchical functions. Although prior knowledge of the properties of the specimens’

components (cf. Table 1 and Chapter 4) can be helpful to have a prediction on the

mechanical parameters of the specimens, in practice such prior information may be

far from the reality and may mislead the problems about the true solutions. As

described in Section 5.2.2, the identification of the properties was performed by the

IWC technique. For this purpose, considering the full-field vibration measurements

for each specimen, the wave numbers corresponding to 20 frequencies and in 180

directions could be extracted from the measurements by means of the maximiza-

tion of the IWC function (see Eq.(5.2.14)). Herein, for the frequencies, the center

frequencies of one-third octave bands from 125Hz to 10kHz were used, and the 180

directions were equal to 1 degree to 180 degrees. On the other hand, the dispersion

equations enable mathematical relationships between the frequencies, their corre-

sponding wave numbers, and the mechanical properties (see Chapter 2). So, these

mathematical relationships could provide us with a system of equations finding the

mechanical properties of the specimens (see Ichchou et al. [2008]). Table 5.2 sum-

marizes the properties obtained by the IWC technique.

In the next step, the mechanical parameters identified by the IWC technique were

used in the model updating procedures. Herein, the 6th order problem was used for

the formulation and modeling associated with the thick composite sandwich plate;

the 4th order problem with its general form was used for the modeling of the thin

composite laminate specimen, and also, the particular case of the 4th order problem

adapted for thin isotropic plates (i.e. Eq.(2.3.3)) was also utilized for the formu-

lation and modeling corresponding to the aluminium and steel plates. Therefore,

applying the identified parameters to the analytical formulations of the stiffness
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Table 5.2: The mechanical properties of the composite sandwich, laminate, alu-
minium, and steel plates, identified by the IWC technique

Sandwich Laminate Aluminium Steel

Dt = 1093Nm D11 = 259Nm, D22 = 136Nm E = 76GPa E = 213GPa

Gc = 68MPa D12 + 2D66 = 189Nm

and mass matrices introduced by the hierarchical functions (i.e. Equations (5.2.7),

(5.2.8), (5.2.12), and (5.2.13) ), we could analytically calculate these matrices, and

then apply them to the model updating solution (i.e. Eq.(5.2.17)). The model up-

dating solution requires the measured mode shapes, which we could extract from

the full-field laser measurement. The updated modal shapes are one of the main

outputs of the model-updating procedures (see Eq.(5.2.17)), and since they are es-

sentially needed for the modal decomposition and for finding the final solution to

the problem, we need to have an idea on their quality. Modal Assurance Criterion

(MAC) is a type of correlation criterion, which makes it possible to measure the

quality of calculated mode shapes, and also enables to match two families of modes.

For instance, for the calculated and measured modes, the cross MAC is defined and

calculated as follows (e.g., see Humbert [1999]):

MAC (ψM
l , ψl) =

∣∣ψM
l · ψl

∣∣√
ψM
l · ψM

l

√
ψl · ψl

(5.3.1)

where · denotes the inner product, and the vectors ψM
l and ψl are the lth measured

and calculated modes, respectively. The MAC values are between 0 and 1, and a

value close to 1 indicates a good correlation between the calculated and measured

modal shapes. In Figures 5.2 to 5.5, the MAC values have been illustrated for cases

performed before and after the updating procedures. As seen in these figures, after

applying the updating procedures to the modal shapes, we can see that the values of

the cross MAC have been enhanced for all the calculated modes associated with all

the plates. The figures demonstrate that the updating procedures for the problems

associated with the 4 specimens could enhance the MAC matrices by decreasing

the elements other than the diagonal and increasing the diagonal elements of the

MAC matrices and pushing them toward 1 (for example, compare Figures 5.2 (a)

and (b)). It means that the updated mode shapes are closer to the real measured

values by comparison with the old ones obtained before the updating while they

also satisfy the 4th or 6th order problems. In fact, at the first step, the hierarchical

functions could provide reliable modelings of the problems, and they were so help-
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ful in presenting the approach with the required formulations, but in practice, such

modelings are not enough for precise vibroacoustic predictions, and the updating

procedures based on real data are required, which can enhance the modeling and

its corresponding parameters, and move the models towards the reality. Herein, the

MAC shows such achievement in bringing modeling to reality.

Consequently, based on Eq.(5.2.24)), the updating approach will present the re-

quired corrections to the parameters identified by the IWC approach, and find the

final updated parameters for each specimen. Table 5.3 has summarized the corrected

values of the mechanical parameters.

In the above-mentioned procedures for identifying the parameters, we did not

Figure 5.2: The MAC corresponding to the composite sandwich specimen: a) a view of the
elements of the MAC matrix before the updating, and b) after the updating

use the initial information (Table 4.1) on the mechanical parameters. As mentioned

before, we used this initial knowledge only for obtaining a prediction of the vibroa-

coustic behaviors of the specimens, and now these values can be helpful to have an

independent assessment of the updated parameters. The presented approach only

depends on the IWC approach for identifying the parameters before the model up-

dating procedures. Comparing Table 5.3 and Table 4.1, we can realize that although

the updated values and the initial values have been obtained independently, they

are close to each other. For instance, the estimated total bending stiffness of the

composite sandwich plate Dt = 1034Nm (see Table 5.3) implies that the Young mod-

ulus of the face sheet to be equal to 153GPa. This value is in good agreement with

the assessments of Qi et al. [2019] if the mechanical properties of the face sheet are

approximated by a CFRP laminate with layout [0/90]. Qi et al. [2019] proposed a

method for predicting the mechanical properties of CFRP based on cross-scale simu-
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Figure 5.3: The MAC corresponding to the composite laminate specimen: a) a view of the
elements of the MAC matrix before the updating, and b) after the updating

Figure 5.4: The MAC corresponding to the aluminium specimen: a) a view of the elements of
the MAC matrix before the updating, and b) after the updating

lation. In this study, a series of experiments were performed in order to show that the

results of the prediction approach and the experiments are in good agreement. The

preliminary information on mechanical properties of the CFRP ply, summarized in

Table 4.1, is based on this research. Moreover, considering this research, the values

of the mechanical properties of the CFRP could present a prediction on the flexural

bending stiffness coefficients of the laminate plate, too. For this purpose, considering

the layout [(+45/-45/0/+90/0/+45/-45/0/+90/0/+45/-45)2 0]S for the composite

laminate plate, and based on Eq.(4.2.1) and Table 4.1, the flexural bending stiff-
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Figure 5.5: The MAC corresponding to the steel specimen: a) a view of the elements of the
MAC matrix before the updating, and b) after the updating

Table 5.3: The updated mechanical properties of the composite sandwich, laminate,
aluminium, and steel plates

Sandwich Laminate Aluminium Steel

Dt = 1034Nm D11 = 274Nm, D22 = 126Nm E = 74GPa E = 202GPa

Gc = 71MPa D12 + 2D66 = 182Nm

ness coefficients of the laminate were obtained as D11 = 237Nm, D22 = 163Nm,

D12 = 72Nm, and D66 = 75Nm, which are in a good agreement with both the IWC

results (cf. Table 5.2), and the updated parameters (Table 5.3). Furthermore, the

Nomex core shear modulus, which is identified by the IWC approach and updated by

the updating approach, is not far from the assessments of the studies carried out by

Adams and Maheri [1993] and Zhou et al. [2021]. Table 4.1 includes an approximate

prediction on the mechanical properties of Nomex honeycomb, based on the studies

of Adams and Maheri [1993], and Zhou et al. [2021].

5.3.1 Vibroacoustic comparisons

For the vibroacoustic assessment of the proposed approach, we made two types of

comparisons using vibration measurements (acquired by the LDV instrument), and

SPL recorded by the microphone. Figure 5.6 illustrates a comparison between the

average of the measured vibration field and the simulated one for the frequency in-

terval [0Hz,3kHz]. In this figure, it is clearly seen that the updating procedures could
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significantly enhance the simulations performed based on the sixth-order problem.

In this figure, the agreement of the average value of the simulated vibration after

updating with the actual value taken with the laser system is clearly evident. On

the other hand, the disparity between the simulated values prior to the updating

and the measured values may primarily be attributed to uncertainties in the initial

values of mechanical parameters and the unknown intricacy of the boundary condi-

tions, necessitating the usage of the updating method.

Moreover, according to these results, it is understood that the Root Mean Square

(RMS) of the errors associated with the simulations in the two states after and

before the updating for the composite panel was 4.32 × 10−7m and 2.44 × 10−8m,

respectively, and this means that the updating method has the ability to improve

the simulation by around 17.7 times from this point of view (herein, the simulation

error is obtained from the difference between the simulation values and the values

taken with the LDV system).

In addition, the same comparison between the sound pressure levels of the sounds

radiated from the vibrating plate has been carried out. The SPL at a distance

of 50cm from the middle point of the vibrating plates, has also been acquired for

the additional assessment of the updating approach. The measured sound pressure

spectrum was compared with the simulated ones. For simulating the SPL at an

arbitrary distance from the vibrating plate in the semi-anechoic chamber, we used

the modeled full-vibration field and the Rayleigh integration.

Also, the modal decomposition described in Chapter 2 is employed for modeling the

velocity v = ωw, and the displacement field w over the plate. For this purpose,

the updated modes were used, and the frequency response could be obtained by the

natural frequencies estimated by the Least-Squares Complex Exponential Method,

introduced in Section 4.2.3. Besides, this method had the ability to present us

with an average prediction on the loss damping factor η of the specimens. The

least-squares complex exponential method can be utilized to analyze the frequency

response function (FRF) of vibration obtained from the laser measurements. In

fact, the least-squares complex exponential method applies the Prony’s method to

the FRF, which allows to fit a collection of complex damped exponential functions

to the FRF, using a least squares optimization. The complex exponential functions

represent the modes present in the FRF, and meanwhile, the poles of these complex

damped exponential functions correspond to the complex frequencies at which the

FRF exhibited decay and oscillation. By estimating the damping ratios using the

complex frequencies, namely the poles, the loss damping factors can be determined

too (see chapter 9.5 in He and Fu [2001]). Accordingly, the average loss damping

factor for the composite sandwich, laminate, aluminium, and steel plates were equal
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to 0.0916, 0.0451, 0.0158, and 0.0087, respectively. The range of these average val-

ues is consistent with prior research that has explored nearly related case studies

regarding the loss damping factor (e.g., see Ghinet and Atalla [2011], Li and Narita

[2013], Cherif et al. [2015], Sarlin et al. [2012]).

In addition, the measurements allowed for the calculation of modal density and

modal overlap factor (MOF). Modal density was determined by counting the natural

frequencies that were detected by the Least-Squares Complex Exponential Method.

The MOF could also be calculated by incorporating the loss damping factor (η) and

the modal density (d) for a given frequency (f), resulting in the equation MOF = dηf

. The findings revealed that the average modal densities for the composite sand-

wich, laminate, aluminium, and steel plates were 0.007, 0.01, 0.012, and 0.016,

respectively. Correspondingly, the average MOF values were 3.07, 2.23, 0.95, and

0.71, respectively. As the investigation encompassed a wide frequency range, in-

cluding high frequencies, it was anticipated the average MOF values would be high.

Comparing these values with the average loss damping factor, it becomes evident

that the modal overlap factor in the experiments was primarily influenced by the

loss damping factor, rather than the modal density. Hence, amongst the specimens,

the composite sandwich exhibited the highest MOF due to its superior loss damping

factor (e.g., see Ege et al. [2009], Denis et al. [2014] for more information on MOF

and its interpretation).

Consequently, Figure 5.7 shows the measured SPL spectrum and ones simulated

before and after the updating for the composite sandwich plate. In Figure 5.7, espe-

cially in the zoom window for the frequency range of 0 to 2000 Hz, it is evident that

the updated simulation is more consistent with the actual measurement acquired

by the microphone. In other words, these SPL results also indicate the ability of

the updating approach in improving the calculation associated with the 6th order

problem of the sandwich panel.

Also, for the composite laminate specimen, similar vibroacoustic comparisons be-

tween the measurements and the simulated ones could be performed. Figures 5.8,

and 5.9 show the comparisons corresponding to the average vibration field and the

sound pressure level corresponding to the composite laminate panel, respectively.

According to these figures, we can see the improvements in the simulations for both

the vibration and the SPL after applying the updating procedures to the calcula-

tions. So, the vibration observations taken with the LDV system show how the

RMS value of the simulation error in the state of applying the updating method

compared to the state before applying the updating method has decreased from a

value of 3.37 × 10−7m to a value of 1.16 × 10−7m, which shows that the modeling

and simulation of vibration field for the laminate panel have improved by about 2.93
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Figure 5.6: The average of the vibration field for the composite sandwich plate, measured by the
LDV system (Laser), compared with the simulations done before and after the updating (Simu

(before and after))

Figure 5.7: The SPL comparison corresponding to the composite sandwich plate, between the
simulations (before and after updating) and microphone measurement; the small zoom window

shows such SPL comparison for low frequencies

times from the point of view of the RMS errors.

Furthermore, for the other specimens, aluminium, and steel plates, we also car-

ried out similar comparisons between the measurements and the simulated ones. As

discussed before, the measurements associated with the aluminium and steel plates
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Figure 5.8: The average of the vibration field for the composite laminate plate, measured by the
LDV system (Laser), compared with the simulations done before and after the updating (Simu

(before and after))

Figure 5.9: The SPL comparison corresponding to the composite laminate plate, between the
simulations (before and after updating) and microphone measurement; the small zoom window

shows such SPL comparison for low frequencies

have been performed as extra validations for the updating procedures associated

with the 4th order problem. Figures 5.10, and 5.11 have summarized the compar-

isons corresponding to the average vibration field over the aluminium, and steel
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plates, respectively, and also, Figures 5.12, and 5.13 illustrate the comparison of

the SPL spectra for the frequency interval [0, 1000]Hz before and after the updating

procedures. According to these figures, similar to the results of the composite panels

(sandwich and laminate ones), we can see the enhancement in the simulations for

both the vibration and the sound pressure levels. Based on the results obtained with

the LDV (laser) system, the RMS of the simulation error in two states, before and

after the updating, was obtained for the aluminum plate, respectively, 5.30× 10−7m

and 1.19 × 10−7m, and similarly, for the steel plate, the values of 1.45 × 10−6m and

4.47×10−7m were obtained, respectively. Therefore, this means that from the RMS

point of view, the updating method has been able to enhance the modeling and

simulation corresponding to the aluminum and steel plates by 4.46 and 3.25 times,

respectively, which are actually the improvement to the model of the 4th order prob-

lem.

Moreover, Appendix B also contains additional results that demonstrate the ef-

fectiveness of the updating procedures in improving the simulations of the sound

pressure level.

Figure 5.10: The average of the vibration field for the aluminium plate, measured by the LDV
system (Laser), compared with the simulations done before and after the updating (Simu (before

and after))

5.3.2 Discussion of results

The results were also consistent with previous research in which almost similar case

studies were conducted. For example, in the numerical calculations, in order to
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Figure 5.11: The SPL comparison corresponding to the aluminium plate, between the
simulations (before and after updating) and microphone measurement

Figure 5.12: The average of the vibration field for the steel plate, measured by the LDV system
(Laser), compared with the simulations done before and after the updating (Simu (before and

after))

preliminarily have the mechanical properties of the composite sandwich and lami-

nate specimens, the characteristics of the CFRP ply with epoxy matrix as well as

the Nomex core were extracted from some previous studies such as Shahdin et al.

[2011], Qi et al. [2019], Zhou et al. [2021], Adams and Maheri [1993], Zhou et al.

[2021] (see Chapter 4). Then, at each stage, the calculated parameters were com-

pared with these preliminary values. Of course, the final updated parameters, while



102 CHAPTER 5. UPDATING MODELS AND PARAMETERS

Figure 5.13: The SPL comparison corresponding to the steel plate, between the simulations
(before and after updating) and microphone measurement

being close to such preliminary values, have also enhanced the vibroacoustic sim-

ulations. According to these results, the shear modulus of the Nomex core of the

composite sandwich panel as one of the updated parameters was obtained at the

IWC and final steps of the proposed hybrid approach, equal to 68MPa and 71MPa,

respectively, which are close to the preliminary value obtained from the literature.

Similarly, according to the previous studies on the mechanical properties of the

CFRP ply with epoxy matrix, at first, the bending stiffness coefficients correspond-

ing to the composite laminate and sandwich panel, could also be initially assessed

via the classical laminate theory. Then the bending stiffness coefficients, obtained

at the IWC and final steps, were able to show their good agreement with such pre-

liminary assessment (cf. Table 1 in Chapter 4 and Tables 5.2 and 5.3).

5.4 Discussion and concluding remarks

In this Chapter, the study aimed to develop a hybrid updating approach adapted for

the 4th and 6th order problems, required for the vibroacoustic modeling of composite

panels. This approach is based on the hierarchical functions for analytically formu-

lating the problems, IWC technique for the initial identification of parameters, and

least squares optimizations including Baruch and total least squares method for up-

dating models and parameters. The approach utilizes the IWC method, employing

the 4th and 6th order dispersion relations for parameter identification. It follows the
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model updating process via the Baruch method, which is fed with the parameters

identified by the IWC. The hierarchical functions provide the models with analyti-

cal formulations facilitating the Baruch method, and the solutions provided by the

Baruch method are used for finalizing the parameter updating process via the total

least squares method. In fact, in the proposed hybrid approach, the methods are

employed step by step, utilizing their respective capabilities in each stage to com-

plement one another.

Herein, the main idea of the research was examined by laboratory experiments, in-

cluding laser doppler vibrometry (LDV) measurements and sound recording for mea-

suring spectra of sound pressure levels (SPL). The measurements were performed

for some panels, including a composite sandwich panel, and a composite laminate

one, as well as two isotropic plates for additional assessments. The efficiency of the

method was attained through the progressive implementation of the proven capabili-

ties of the aforementioned methods, where the progressive implementation facilitated

the controlled evaluation of parameters, and avoided any time-consuming trial and

error procedures. It was examined by different vibroacoustic comparisons between

the measurements and the simulations enjoying updated parameters. The LDV

measurements indicated the ability of the approach in enhancing the simulations

for modeling the vibration field. Furthermore, the comparison associated with the

measured SPL spectra could experimentally validate the accuracy of the simulated

vibration. Such ability of the updating method in the precise modeling of the SPL

can also be beneficial for the vibroacoustic modeling required in future perceptual

assessment, which is one of the future goals of this research, too.

Moreover, the improvement of the Modal Assurance Criterion (MAC) can also be

mentioned as one of the numerical achievements. The proposed method could sig-

nificantly enhance the cross MAC between the calculated and measured modes.

Accordingly, the study successfully attained a high level of agreement among all the

collected data, which encompassed laboratory vibroacoustic measurements, math-

ematical simulations enhanced through updating procedures, and preliminary in-

formation on mechanical parameters. This consistency serves as evidence of the

capabilities of the proposed hybrid approach for model and parameter updating,

particularly in addressing 4th and 6th order problems, with a specific focus on thin

and thick composite panels. These findings hold significant promise for conducting

accurate simulations essential to the integrated vibroacoustic and psychoacoustic de-

sign of composite panels in other phases of the thesis. The next chapter is devoted

to the perceptual assessment of the simulations and the models employed.
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Chapter 6

Perceptual assessment

6.1 Introduction

In this chapter, the focus has been seeking to assess the synthesized sounds and the

accurate model of the vibrating panels from a perceptual point of view. A series of

psychoacoustic laboratory experiments were conducted on various panels made from

different materials (including a composite Nomex-core sandwich, a CFRP laminate,

and an aluminium composite plate as well as steel and aluminium isotropic plates

for additional validations). The psychoacoustic test including three sessions was

performed for 40 participants from 18 to 61 years old. The corresponding analyses

were carried out to validate the models from a perceptual perspective. The modeling

and simulations were confirmed by psychoacoustic analyses, highlighting the poten-

tial usefulness of considering both vibroacoustic and psychoacoustic perspectives for

designing composite panels.

Psychoacoustic tests are counted as a crucial tools used in research associated with

the field of auditory perception to know how humans perceive and process sounds.

One common research target in the psychoacoustic tests is to find the dissimilari-

ties (or similarities) between paired sounds, which can present us with insights into

auditory discrimination and perception. Although psychoacoustic investigations on

composite panels have often been overlooked in recent studies, certain research on

psychoacoustic assessments of other mechanical structures like isotropic panels can

be found in the literature, see Chapter 1. Continuing the previous studies, in the

current chapter we aimed at presenting auditory evaluation of the simulations stem-

ming from the vibroacoustic modeling of composite panels for design optimization

purposes. Herein, the research considers perceptual assessment in addition to the

conventional vibroacoustic assessments. This viewpoint on the problem can assist

105
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us in having an accurate understanding of composite panels from a psychoacoustic

point of view and human acoustic comfort.

6.2 Psychoacoustic test

6.2.1 Participants

In the psychoacoustic test, 40 participants, comprising 23 females and 17 males aged

between 18 to 61, took part in the auditory evaluation. The participants’ age had an

average of 28.9 years and a standard deviation of 12.8 years. The participants were

students and staff of ENTPE. Also, all the participants were paid for participating

in the psychoacoustic experiments. They all declared normal hearing abilities, and

signed a written consent before the experiment.

6.2.2 Apparatus

The audio signals were played back using Sennheiser HD600 open-back headphones

and a high-quality LynxTWO sound card. The test took place in a quiet room,

located in the experimental villa at ENTPE’s campus, with a background noise

level of 24 dB(A), where participants engaged with a computer interface. The com-

puter interface was developed in the MATLAB environment and used for stimulus

presentation and response entry. This interface provides guidance to participants

throughout the test and allows for the recording of responses. Before the test, a

Cortex Manikin MK2 was utilized for recording the sounds and checking the sound

pressure levels of the stimuli expected to be heard by participants (cf. Table 6.1).

The resulting audio files were post-processed using dBsonic software. Figure 6.1

shows the Cortex Manikin MK2.

6.2.3 Stimuli

Considering laboratory measurements carried out in the previous chapters, herein,

psychoacoustic test was conducted across three sessions. Session 1 focused on evalu-

ating sounds from plates excited with a mechanical load, while Session 2 considered

sounds from plates excited with diffuse acoustic field (DAF) (hereafter simply called

acoustic excitation). Finally, Session 3 aimed to look at the optimal value of the

maximum frequency in modeling from the perceptual point of view. In the first
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Figure 6.1: The Cortex Manikin MK2 used before the psychoacoustic test. Before conducting
the test, it was necessary to measure the sound pressure level, expected to be heard by

participants, by means of the Cortex Manikin MK2

session, 8 stimuli were considered, obtained both from recordings and simulations

for steel, aluminum, composite laminate, and composite sandwich plates under the

mechanical excitation (see the SPL spectra corresponding to these stimuli in Figures

5.7 to 5.13 in Chapter 5). In Session 2, 6 stimuli were considered, obtained from

recordings and simulations for the aluminum, steel, and composite aluminum plates

under acoustic excitation (see the SPL spectra corresponding to these stimuli in

Figures 3.9 to 3.11 in Chapter 3).

Additionally, Session 3 was designed with 7 stimuli for finding the optimal value for

the maximum frequency. Based on the simulation of the composite sandwich panel

excited by the mechanical excitation (see Figure5.7 in Chapter 5), the set of seven

stimuli was generated using cutoff frequencies at 2 kHz, 3 kHz, 4 kHz, 5 kHz, 6 kHz,

and 7 kHz. This selection aimed to assess the most suitable maximum frequency

from a perceptual point of view. Knowledge of this maximum frequency was essen-

tial for the accurate execution of the simulations. The duration of each stimulus in

all the sessions was 3 seconds, and after adjusting the stimulus sound pressure level

for the listening test, the average sound pressure level ranged between 57.8 and 60.3

dB(A).

In all the computations for synthesizing the sounds, the frequency step has been set

at 3.125Hz for Session 1 (mechanical excitation), 1Hz for Session 2 (acoustic excita-

tion), and 3.125Hz for Session 3 (cutoff frequency). For Sessions 1 and 3, the chosen

frequency step matches the resolution of the laser measurements performed by the
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Table 6.1: The stimuli used in the psychoacoustic test, including the simulated
sounds and ones recorded during the vibroacoustic laboratory experiments

Session Sound No. Material Excitation Status SPL [dB(A)]
1 Steel Mechanical Recorded 59.7
2 Aluminium Mechanical Recorded 59
3 Composite Laminate Mechanical Recorded 58.3
4 Composite Sandwich Mechanical Recorded 59.5
5 Steel Mechanical Simulated 60.3
6 Aluminium Mechanical Simulated 58.8
7 Composite Laminate Mechanical Simulated 58.9

Session 1

8 Composite Sandwich Mechanical Simulated 59.4
1 Steel Acoustic Recorded 58.8
2 Aluminium Acoustic Recorded 59.4
3 Composite Aluminium Acoustic Recorded 57.8
4 Steel Acoustic Simulated 58.3
5 Aluminium Acoustic Simulated 59.1

Session 2

6 Composite Aluminium Acoustic Simulated 59.1
1 Composite Sandwich Mechanical Simulated 59.4
2 Composite Sandwich Mechanical Simulated 59.8
3 Composite Sandwich Mechanical Simulated 59.4
4 Composite Sandwich Mechanical Simulated 59.7
5 Composite Sandwich Mechanical Simulated 58.4
6 Composite Sandwich Mechanical Simulated 58.3

Session 3

7 Composite Sandwich Mechanical Simulated 59.3

LDV system, as detailed in Section 4.2.3. In the case of Session 2, a 1Hz-frequency

step was selected to provide sufficient resolution for computing the Sound Pressure

Level (SPL) while minimizing computation time. Moreover, the maximum frequency

considered in all computations was 10kHz, except for certain stimuli in Session 3,

where we examined various values of cutoff frequency and aimed to perceptually

determine the optimal maximum frequency value for the simulations. The upper

limit of 10 KHz was fixed by observing the energy decrease at high frequencies from

the sound pressure level spectra of the different recordings.

6.2.4 Method

The listening test procedure used here was based on a paired-comparison method,

designed by Faure [2003], Trollé [2009], and it has been followed with certain modi-

fications. In numerous studies focused on the sound quality of industrial products,

a perceptual space is established through dissimilarity comparison between on pairs

of stimuli. It is highly discriminating, but a drawback of this approach is its po-

tential for significant time consumption when dealing with a large number of stim-

uli, e.g., see Chevret and Parizet [2007], Parizet and Koehl [2012], Michaud et al.
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[2013]. Several studies have explored alternative methods for assessing dissimilarity

(or similarity) between stimuli, especially in cases where a larger number of stimuli

are present in each session (e.g. see Chevret and Parizet [2007], Parizet and Koehl

[2012], Michaud et al. [2013]). In contrast to these studies, the current research

involves a smaller number of stimuli (c.f. Michaud et al. [2013] and Table 6.1).

Furthermore, although studies on alternative methods often emphasize the primary

limitation of the paired comparison method, namely its relatively slow test execu-

tion, they commonly validate their findings by comparing themselves with outcomes

obtained from the paired comparison method due to its high discriminative capabil-

ity (e.g. see Chevret and Parizet [2007], Michaud et al. [2013]).

Hence, as shown in Table 6.1, the number of stimuli per session was not big. There-

fore, the paired comparison technique enabled us to capture all conceivable dis-

similarity judgments among the stimuli without imposing excessive fatigue on the

participants. Throughout the experiment, including the instruction, training, and

all dissimilarity judgments across the three test sessions, the average time spent per

participant was 45 minutes. The training part preceding each session was organized

based on three distinct stimuli chosen from all the stimuli available at each session.

These stimuli were selected by the author and the thesis supervisors. Furthermore,

the sequence in which pairs of sounds are presented, as well as the arrangement

of sounds within each pair, are randomized for each participant, ensuring that the

order of presentation does not introduce bias. Moreover, the sessions were presented

to the participants in a random order to avoid any methodological bias when in-

vestigating the effects of excitation type and maximum frequency. Accordingly, the

method allowed for the listening test, and its detailed methodology is summarized

as follows:

• Prior to sessions, detailed instruction was presented on the screen (see Figure

6.2)

• A training part familiarized participants with the sounds being tested before

each session, to help them learn the test steps, understand the interface and

response scale dynamics

• The full test for each session began after the completion of its training part;

during each training, participants were exposed to a varied sample of paired

stimuli specific to the session

• Each stimulus was played for 3 seconds, with a pause of 0.5 seconds between

the paired stimuli
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• The participants listened to pairs of sounds and were asked to to judge the dif-

ference between sounds of each pair; participants could re-listen to the sounds

of each pair as many times as they needed

• The participants were presented with the question, ”How do you judge the

sounds?” and asked to rate and provide dissimilarity judgments using a con-

tinuous numerical scale that ranges from 0 to 10. Verbal descriptors, such

as ”Very similar” for 0 and ”Very different” for 10, are associated with the

endpoints of the scale, see Figure 6.3

• The interface collected the participant’s dissimilarity judgments on the stimuli

• A separate folder was created for each participant and all the data during the

experiment, including all the dissimilarity matrices and the required variables,

are stored in the corresponding folder

Figure 6.2: The first screen of the interface prompts participants to read the instruction for the
test. Although the interface was designed in a way that is user-friendly and easy to understand
for all the participants, before each test it was necessary to give the participants general tips

about the test

6.2.5 Preparing sound files

The signals were previously encoded in WAV format with a 16-bit resolution using

Matlab. The amplitude values were coded in the range of [-1, +1] using 16-bit

coding, which provided a total of 216 possible amplitude values. To maintain the

relative level differences between the signals while optimizing the coding, the pressure
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Figure 6.3: An screenshot of the interface presenting a listening panel for the three sessions
accompanied by their learning (training) parts, which allowed participants to listen the paired
sounds (paired stimuli) as many times as they want, and compare the sounds based on their

dissimilarities

values of each signal were divided by the maximum value detected across all the

corrected signals immediately before encoding. Also, to create sound stimuli for

auditory assessment, recorded or simulated sound sequences were converted into

short stereophonic samples lasting three seconds for the left and right channels. To

avoid clicks caused by non-zero pressure values during playback, each sample was

subject to a fade-in and a fade-out of 0.1s at the beginning and end, respectively.

The fade-in and fade-out were used to ensure that stimuli are presented to the

participants in a consistent and controlled way and that each participant hears the

entire stimulus.
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6.3 Results

6.3.1 Classification of participants

Clustering and dendrograms are helpful tools to identify outliers in the dataset ac-

quired via the participants. Outliers are data points that differ significantly from

the rest of the dataset and can affect the results of the analysis (e.g. see Hodge and

Austin [2004]). Outliers can be identified as points that do not belong to any of the

clusters or belong to small, isolated clusters, which can be located at the bottom of

the dendrogram and have a long branch length or high dissimilarity score compared

to other points.

The main objective of clustering is to detect the presence of participants who dis-

play abnormality in their listening and judging abilities throughout the entire test.

Herein, to conduct the clustering analysis of the participants, we utilized the As-

cending Hierarchical Classification (AHC) method. AHC enabled us to create a

hierarchical indexed tree, i.e. the dendrogram. The dendrogram represents a nested

classification system that becomes more heterogeneous as the size of the classes in-

creases Gordon [1999]. The detailed stages of the participant clustering have been

designed by Faure [2003] and Trollé [2009], and in the following, a summary of the

steps taken in this study has been described.

In brief, in order to perform the AHC method resulting in the dendrogram and clus-

tering, the dissimilarities between the participants were required to be estimated. To

calculate the dissimilarities between participants, their responses to different pairs of

stimuli were analyzed. To accomplish this, the measure d(i, j) was used to quantify

the dissimilarity between two participants i and j as follows Trollé [2009]:

d(i, j) = 1 − r(i, j) (6.3.1)

where r(i, j) is the linear Bravais-Pearson correlation coefficient between the dissim-

ilarity scores noted by the two participants i and j. The dissimilarity index d(i, j)

was calculated for all pairs of participants (k, l) and then respectively reported in a

symmetric matrix D.

Initially, the number of classes is equal to the number of participants, which are the

terminal elements of the dendrogram. The terminal elements refer to the individual

participants or data points that are being clustered. These are the lowest-level el-

ements in the hierarchy of the clustering, and they are represented as the leaves or

endpoints of the branches on the dendrogram. Through an algorithmic process, the

classification identifies the two participants with the closest dissimilarity measure
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and merges them into a new class. This results in two branches starting from the

two terminal elements and converging into a knot on the dendrogram. The dissimi-

larities between the newly formed class and the remaining participants are updated

using an aggregation criterion. The process is repeated until all the participants are

aggregated into a single class, which produces a matrix of dissimilarities between

participants called ultrametric distances. These distances represent the levels of

aggregation of the different classes and are plotted along the ordinate on the den-

drogram (e.g. see Gordon [1999]).

Moreover, herein, a series of aggregation methods including Single linkage, Complete

linkage, Average linkage, Weighted linkage, Centroid linkage, Median linkage, and

Ward linkage, used in clustering or data analysis, has been examined. The Single

linkage method, referred to as the nearest neighbor method, uses the smallest dis-

tance between objects in the two clusters. The Complete linkage criterion, known

as the farthest neighbor approach, utilizes the largest distance between objects in

the two clusters. The Average linkage method calculates the average distance be-

tween all pairs of objects in any two clusters. The Centroid linkage method employs

the Euclidean distance between the centroids of the two clusters while the Median

linkage method uses the Euclidean distance between the weighted centroids of the

two clusters. The Weighted average linkage recursively defines the distance between

two clusters by averaging the distance between one cluster and a second cluster’s

components (i.e. the Weighted average method uses a recursive definition for the

distance between two clusters, for example, if cluster 1 was produced by merging

two clusters m and n, the distance between 1 and another cluster like 2 is defined as

the average of the distance between the clusters m and 2 and the distance between

the clusters n and 2). The Ward’s linkage criterion is defined as the incremental

sum of squares, that is, the increase in the total within-cluster sum of squares as a

result of joining two clusters (e.g. see Ferreira and Hitchcock [2009]).

In addition, the analysis considers a final criterion that measures the degree of

adequacy between the calculated ultrametric distances and original dissimilarities

between the participants. The level of adequacy is quantified using two coefficients,

the cophenetic correlation coefficient and the Goodman-Kruskal coefficient, both of

which measure how well the calculated ultrametric distances match the original dis-

similarities, e.g. see Sokal and Rohlf [1962], Farris [1969], Goodman et al. [1979]. As

seen from Table 6.2, for the three sessions of the test, the average linkage method

among all the aggregation methods has the highest values of the cophenetic and

Goodman-Kruskal correlation coefficients. Therefore, herein it was recommended to

use the average linkage method for the classification process.

So, based on the average linkage method the aggregation was performed and the
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dendrogram associated with the clustering was achieved from data of each session.

The dendrogram offers numerous partitioning options that range from the finest

score, consisting of as many classes as participants, to the most coarse score, which

comprises a single class containing all the participants. To determine the optimal

number of classes m, a quality index is calculated for each partition with a varying

number of classes. The quality index is defined as follows (e.g. see Nakache and

Confais [2004], Trollé [2009]):

Q(m) =
1

P

m∑
k=1

nksk (6.3.2)

where Q(m) represents the quality index of a partition with m classes, with a value

between 0 and 1. P represents the total number of participants, nk represents the

number of participants in class Ck, and sk represents the average silhouette value

in class Ck. The silhouette value sk for a participant k provides insight into the

quality of its classification. In fact, the silhouette value of a participant is a measure

of how well it is classified relative to the other participants in its class and to the

participants in the closest neighboring class. Hence, it is a numerical indicator of the

quality of a participant’s classification, which is calculated by dividing the average

distance between participant k and all other participants in the same class by the

average distance between participant k and the participants in the closest class.

Hence, the optimal number of classes is the one that displays a first peak on the

quality index curve with respect to the minimum number of classes m.

Consequently, outliers participants can be identified by the dendograms. Hence, as

it is clear from the dendograms of all sessions (see Figures 6.4, 6.6, and 6.8), one of

the participants (participant number 40) is separate from all other participants in all

the clustering dendograms and is placed in a separate cluster. This shows that the

responses of this participant to the stimuli are significantly different from those of

other participants. Moreover, as can be seen from the figures related to the Silhouette

values (see Figures 6.5, 6.7, and 6.9), the high Silhouette values for the number of

classes 2 shows the high quality of classification with this number of classes in all the

sessions. In these figures, each column corresponds to a specific number of classes,

and distinct colors within each column represent individual classes. The length of

each segment indicates the weighted Silhouette values associated with its respective

class. For example, as illustrated in Figures 6.5, 6.7, and 6.9, when the number of

classes is set to 2, two distinct colors are used to represent these two classes. Notably,

the class represented by the color blue exhibits the highest weighted Silhouette value

among all the classes. Accordingly, one participant (the participant with number

40) was designed as an outlier participant and removed from the relevant analyses.
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Table 6.2: The series of aggregation methods, and the quantified level of adequacy,
used for the three Sessions, corresponding to the stimuli produced with a

mechanical excitation in Session 1, with an acoustic excitation in Session 2, and
with different cutoff frequency values in Session 3

Session 1 (Mechanical) Session 2 (Acoustic) Session 3 (cutoff Freq)
Methods Cophenetic Goodman-Kruskal Cophenetic Goodman-Kruskal Cophenetic Goodman-Kruskal

Single 0.46 0.30 0.72 0.60 0.65 0.49
Complete 0.59 0.57 0.56 0.50 0.56 0.53
Average 0.69 0.66 0.79 0.75 0.70 0.63
Weighted 0.58 0.53 0.55 0.54 0.51 0.48
Centroid 0.65 0.62 0.79 0.73 0.71 0.62
Median 0.59 0.49 0.52 0.50 0.55 0.58
Ward 0.57 0.58 0.59 0.55 0.49 0.48

Furthermore, we repeated the aggregation and classification of the participants using

the Centroid linkage method as well. This was because the results obtained from

this aggregation method were somewhat comparable to those of the average method,

particularly for Session 3 (see Table 6.2). Similarly, the classification results obtained

through the Centroid linkage method confirmed the findings from the average linkage

method, and it also identified the 40th participant as an outlier amongst the others.

Figure 6.4: The Dendrogram associated with the classification of participants and outlier
detection in Session 1 associated with the stimuli produced by the mechanical excitation
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Figure 6.5: Weighted Silhouette values corresponding to the different classes of the participants
in Session 1 associated with the stimuli produced by the mechanical excitation

Figure 6.6: The Dendrogram associated with the classification of participants and outlier
detection in Session 2 associated with the stimuli produced by the acoustic excitation

6.3.2 Multidimensional scaling technique

Following the completion of the clustering analysis of the participants and identi-

fication of any outliers within the participants, we proceeded with the analysis of

dissimilarity judgments. To establish the perceptual space of dissimilarity and ac-
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Figure 6.7: Weighted Silhouette values corresponding to the different classes of the participants
in Session 2 associated with the stimuli produced by the acoustic excitation

Figure 6.8: The Dendrogram associated with the classification of participants and outlier
detection in Session 3 associated with the simulated stimuli filtered with different values of the

cutoff frequency

count for the perceived distances between stimuli, we utilized the multidimensional

scaling technique. Multidimensional scaling (MDS) is a statistical technique used to

visualize the similarity or dissimilarity among a set of objects or items (e.g. see Car-

roll and Arabie [1998]). It attempts to find a low-dimensional representation of the
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Figure 6.9: Weighted Silhouette values corresponding to the different classes of the participants
in Session 3 associated with the simulated stimuli filtered with different values of the cutoff

frequency

objects (i.e. stimuli) in a high-dimensional space based on their pairwise similarity or

dissimilarity that can be obtained by human-based experiments. MDS algorithms

can be used for exploratory data analysis, to visualize the structure of data, and

identify clusters or patterns of stimuli. It can also be used as a confirmatory tool,

to test hypotheses about the structure of the data or to compare the similarity

structures of different datasets associated with the stimuli, and so, can provide us

with valuable insights into the underlying patterns and relationships among a set of

stimuli. Hence, an MDS algorithm takes a distance matrix containing the distances

between every pair of stimuli in a set (which, herein, was obtained via the psychoa-

coustic test), along with a user-defined number of dimensions, N . The algorithm

then positions each stimulus in N-dimensional space, creating a lower-dimensional

representation of the perceptual space (e.g. see Carroll and Arabie [1998], Eom

[2009], Borg et al. [2012]).

Individual Differences Scaling (INDSCAL)

INDSCAL, standing for Individual Differences Scaling, is an MDS algorithm used in

various fields like psychometrics, psychophysics, and psycho-mathematics to quanti-

tatively analyze the relationships between multiple variables, specifically those that

involve ratings or judgments made by individuals and participants (see Carroll and
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Chang [1970], Carroll [1972], Carroll and Arabie [1998], Borg and Groenen [2005]).

The primary goal of INDSCAL is to identify the underlying dimensions or coordi-

nates of the stimuli in the perceptual space that explain the patterns of correlations

or similarities between the ratings made by different individuals. These dimensions

or coordinates can be interpreted as the psychological or cognitive processes that

influence the ratings (for example, in the current study, the perceptual dimensions

and coordinates are related to auditory attributes that influenced the ratings made

by the participants). INDSCAL can be applied to different types of data, such as

dissimilarity (or similarity) judgments between different stimuli. This method as-

sumes that the dissimilarity distance between stimuli j and k for participant i, dijk,

is related to the dimensions of the perceptual space by the following equation Carroll

and Arabie [1998] :

dijk =

[
N∑

n=1

wi
n (xjn − xkn)2

] 1
2

(6.3.3)

The above equation represents a weighted version of the Euclidean distance formula,

where N represents the dimensionality of the stimulus space. xjn denotes the coor-

dinate of stimulus j on the nth dimension of the perceptual space, and wi
n represents

the weight assigned to the nth dimension for the ith participant, indicating its percep-

tual importance. The input data required for INDSCAL is a matrix of dissimilarity

data, represented by Di = [diij], which denotes the dissimilarity of stimuli j and k for

participant i. The output of INDSCAL is comprised of two matrices: X = [xjn], an

S×N matrix of stimulus coordinates, and W = [wi
n], an P×N matrix of participant

weights, where S and P are the numbers of stimuli and participants, respectively

Carroll and Arabie [1998].

In this study, we utilized the INDSCAL algorithm to analyze dissimilarity data

collected during the three sessions of the psychoacoustic test, with the aim of con-

structing a perceptual space. The INDSCAL analyses were conducted in MATLAB

programming environment, and thanks to Prof. Etienne Parizet at the LVA of

INSA Lyon for sharing his algorithm as an example to be considered. Furthermore,

determining the ideal number of dimensions for the perceptual space is a crucial

concern. This decision significantly impacts both the complexity of the problem and

the robustness of stimulus coordinates within the perceptual space.

Number of perceptual dimensions

The optimal number of dimensions must be determined to prevent certain problems

like overfitting and the instability of estimated coordinates in the perceptual space.

On the other hand, the chosen number of dimensions should support effective re-
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construction of dissimilarity matrix measurements. In light of such considerations,

we have conducted calculations for varying numbers of perceptual space dimensions,

aiming to minimize both the number of the dimensions and the distance between the

measured and calculated dissimilarities. To achieve this goal, we employed the L-

Curve method, which aids us in striking a balance between two objectives: namely,

1) minimizing the distance between the measured and calculated dissimilarities for

increasing the accuracy, and 2) minimizing the number of perceptual dimensions

to prevent the overfilling and complexity of the model. This is accomplished by

visualizing how these objectives trade off against each other. Such visualization of

the distance between the measured and calculated dissimilarities against the number

of dimensions is usually referred to as a ’Scree plot’ or ’Stress curve’, and can be

used to find the dimensionality (see, for example Borg and Groenen [2005]). The

predominant pattern observed in scree plots indicates a decreasing trend in stress

as the number of dimensions increases, forming L-curve or elbow shapes (e.g. see

Borg and Groenen [2005];Jaworska and Chupetlovska-Anastasova [2009]; Hout et al.

[2013]). Except for some variations in the scree plots illustrated in Figures 6.11 and

6.12, which may be attributed to a small number of stimuli regarding the different

types of stimuli, we also observed such predominant L-curve pattern in most of the

scree plots investigated in the current research (c.f Figure 6.10 in this chapter and

Figures 7.7 and 7.8 in Chapter 7).

Meanwhile, the L-curve method was initially developed for the purpose of selecting

the regularization parameter in ill-posed problems (e.g. see Hansen [1999]) and it

has application in multi-objective optimization when two objectives want to be opti-

mized (e.g. see Ponsi et al. [2021]). Herein, this method has been used for selecting

the number of dimensions by identifying the point of maximum curvature, called

corner or elbow, in the scree plot. Herein, for managing the analyses regarding

the L-Curve method and finding the corner representing the optimum parameter,

we utilized a MATLAB regularization tools developed by Hansen [2023] (refer to

Hansen [2007]).

Figure 6.10 to 6.12 illustrate the L-Curve results, where starting from a dimension-

ality of 2 and beyond (it is worth mentiong that in the L-Curve results of the present

study, we have determined the difference between the measured and calculated dis-

similarity matrices using the 2-norm). These results demonstrate the significance

of a balanced approach to dimensionality selection in the perceptual space. Herein,

according to these figures, we can see that by keeping the number of dimensions at 2

or 3 as the corners of the L-Curve, we can effectively manage both concerns regard-

ing the number of dimensions, and the need for accurate modeling and calculations

of the dissimilarity matrix. Herein, for all the three sessions, we opted to choose 2
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dimensions instead of 3. This decision was driven by the fact that when working

with 2 dimensions, we observed more stable solutions, compared to 3 dimensions.

Conversely, when we used 3 dimensions, we encountered an instability in the form of

larger error ellipsoids of the coordinates. It is important to note that as we involve

a larger number of perceptual dimensions, the number of unknowns also increases

for finding the coordinates of the stimuli in the perceptual space. This increase

in unknowns further contributes to the instability in the computational process of

reaching the perceptual dimensions. Such instability phenomena for constructing

the perceptual space have been observed and reported in other case studies, such as

Trollé [2009].

Figure 6.10: The L-curve (i.e. scree plot) between the distance between the calculated and
measured dissimilarity matrices with respect to the number of dimensions in the perceptual space
for Session 1 (r indicates the correlation between the measured and calculated dissimilarities)

6.3.3 Perceptual space and model validation

Therefore, we have chosen a two-dimensional perceptual space for conducting psy-

choacoustic assessments on the stimuli. As a result, we can have the 2D coordinates

of the stimuli within this perceptual space. Furthermore, by using the bootstrap

method (Weinberg et al. [1984]), a 95% confidence ellipse has been calculated for

each stimulus in the perceptual space, as carried out by Trollé [2009]. As can be

seen from the results of sessions 1 and 2 (see Figures 6.13 and 6.14), the positions of

the simulated stimuli are close to the recorded stimuli in the perceptual space. If the

positions of the simulated stimuli are located within the 95% confidence intervals of

the recorded stimuli and vice versa, it shows, from a perceptual point of view, the
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Figure 6.11: The L-curve (i.e. scree plot) between the distance between the calculated and
measured dissimilarity matrices with respect to the number of dimensions in the perceptual space
for Session 2 (r indicates the correlation between the measured and calculated dissimilarities)

Figure 6.12: The L-curve (i.e. scree plot) between the distance between the calculated and
measured dissimilarity matrices with respect to the number of dimensions in the perceptual space
for Session 3 (r indicates the correlation between the measured and calculated dissimilarities)

closeness of the mathematical modeling to the real measurements with 95% certainty.

Mechanical excitation

Figure 6.13 displaying the perceptual space for the first session with the mechani-

cally excited panels, clearly demonstrates the close similarity between the simulated
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stimulus for the composite sandwich panel and the measured stimulus recorded by

microphone. It is quite clear that the positions of the simulated and recorded stimuli

are within 95% confidence intervals of each other. The simulation was carried out

using the modeling approach based on the 6th problem, as discussed in Chapters 4

and 5. Thus the agreement between the simulated and recorded stimuli in the per-

ceptual space provides further evidence of the effectiveness of the modeling for the

composite sandwich panel. In addition, Figure 6.13 demonstrates that such agree-

ment between the simulated and recorded stimuli is also obtained for the composite

laminate and steel panels. The results of Session 1 indicate that the participants

may have had some difficulties in recognizing and differentiating the stimuli of the

laminate and aluminum panels during the psychoacoustic test. As a result, these

stimuli were perceived as very close to each other in the perceptual space. From

a theoretical point of view, this proximity can be attributed to the similarity in

some mechanical parameters of these samples, as discussed in Chapters 4 and 5.

For example, the stiffness-to-mass ratio for the composite laminate and aluminum

plates is around 38 and 24 Nm3/kg, respectively, which is relatively close compared

to the stiffness-to-mass ratios for the composite sandwich and steel plates, which

are around 480 and 2 Nm3/kg, respectively. This proximity in the stiffness-to-mass

ratio for the laminate and aluminum panels results in the closeness of their natural

frequencies, leading to similar responses to the excitation. However, the simulated

and recorded stimuli of the laminate panel still conform each other via their con-

fidence ellipse. Even, as seen in the results, the simulated and recorded stimuli of

the aluminium panel are also close enough to each other, considering the confidence

ellipse associated with the simulated stimulus (see Figure 6.13).

Furthermore, based on our personal observations during the stimuli listening, we

noticed distinct patterns in the session with the mechanical excitation, investigat-

ing the perceptual dimensions. In this session, when moving from the lowest point

to the highest point on Dimension 1, there is a noticeable transition from loud to

soft sounds. This transition is especially evident when listening to stimuli involving

aluminum and composite plates. In contrast, Dimension 2 seemed to represent a

shift from treble to bass sounds, which was particularly noticeable when comparing

stimuli from aluminum and steel plates.

Acoustic excitation

The results of Session 2 demonstrate that the perceptual agreement between sim-

ulated stimuli and recorded ones was also noticeable for the acoustically excited



124 CHAPTER 6. PERCEPTUAL ASSESSMENT

Figure 6.13: The perceptual space of the stimuli of Session 1, associated with the simulations
and recordings of sounds radiated from the mechanically excited panels, including the positions of

the stimuli and the ellipses representing the 95% confidence intervals for stimuli coordinates

panels. Figure 6.14 illustrates that for both the composite and steel panels, the

simulated stimuli and the laboratory-recorded ones are closely positioned within

the 95% confidence ellipses. However, for the aluminum panel, the simulated and

recorded stimuli are far apart, indicating that the modeling for this panel is not ac-

curate enough from a perceptual perspective. This phenomenon can be attributed

to the high thickness of the aluminum panel because for the isotropic panels, includ-

ing the steel and aluminum ones, the 4th-order problem was utilized to model the

solution based on Kirchhoff–Love hypotheses, which assume that the panel must be

thin enough to be modeled by the 4th-order problem. Therefore, the high thickness

of the aluminum panel increases the uncertainty in the 4th-order problem, leading

to uncertainties in the results of the perceptual space, as depicted in Figure 6.14. It

is worth mentioning that the thickness of the steel and aluminum panels used in this

study is 2 mm and 5 mm, respectively; additionally, to model the composite panel,

the 6th-order problem was used instead of the 4th-order problem.

Also, in this session similar to the session with the mechanical excitation, we ex-

amined the patterns of the stimuli based on our personal observations during the

stimuli listening. Hence, we found that Dimension 2 was primarily associated with

a transition from bass to treble sounds. The lowest and highest points on this di-

mension represented this contrast. However, this transition was not as clear-cut as

in the mechanical session. As illustrated in the figure of the perceptual space (i.e.

Figure6.14), there were large error ellipsoids for stimuli in this session compared

with the mechanical session (see Figure6.13), indicating that participants found it

challenging to differentiate the stimuli.
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Figure 6.14: The perceptual space of the stimuli of Session 2, associated with the simulations
and recordings of sounds radiated from the acoustically excited panels, including the positions of

the stimuli and the ellipses representing the 95% confidence intervals for stimuli coordinates

Cutoff frequency

Based on Figure 6.15, it is evident that the maximum frequency (cutoff frequency)

plays a crucial role in terms of perception. As the maximum frequency increases,

the simulated stimulus gradually approaches the original simulated stimulus (la-

beled ”Composite (Sim)”) (see Figure 6.15 from right to left), reaching the cutoff

frequency equal to 7kHz. The original simulated stimulus was obtained by the max-

imum frequency equal to 10kHz, which had a high degree of similarity with the real

recorded stimuli (labeled ”Composite (Mic)”) (see Figure 6.13).

So, as depicted in Figure 6.15, the simulated stimulus generated with a maximum

frequency of 7kHz and the original simulated stimulus (labeled ”Composite (Sim)”

in Figure 6.15) are located within each other’s confidence ellipses, indicating that

they are highly similar with 95% confidence. Therefore, based on this result, a max-

imum frequency of 7 kHz was selected for the subsequent simulations and modeling

discussed in the next Chapter.

Additionally, it is worth mentioning that, in the third session, although the L-Curve

technique suggested the dimensionality equal to 2 for the perceptual space, a 1D

perceptual space may also be anticipated since only a single parameter (i.e., the cut-

off frequency) was applied to the stimuli. Hence, we also explored a dimensionality

equal to 1 for the perceptual space of this session. In this instance, the dimension

of the 1D perceptual space exhibited a similar pattern for the distribution of stimuli
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in the perceptual space. The dimension in the 1D perceptual space and the 1st di-

mension in the 2D perceptual space showed a slight difference and a high statistical

correlation equal to (r = 0.99, p < 0.001).

In this session, akin to the two preceding sessions, we also endeavored to discern

patterns in the stimuli through our personal observations while listening to them.

Dimension 1 appeared to be linked with the progression from treble sounds to bass

sounds. For example, when comparing the stimulus with a cutoff frequency of 7

kHz to that with a cutoff frequency of 2 kHz on Dimension 1, we could perceive a

transition from treble to bass sounds, which aligns with our expectations.

It is worth mentioning that this section exclusively focused on perceptually assessing

distinctions between recordings and simulations, validating the models and simula-

tions from an auditory perceptual standpoint. Correlation analysis was considered

irrelevant due to the limited amount of data. However, in the subsequent Chapter,

dedicated to the structure design optimization from a perceptual point of view, a

larger number of stimuli and data will be considered in order to allow the final ob-

jective of this thesis work to be achieved with the interpretation of the results from

an auditory perceptual perspective.

Figure 6.15: The perceptual space of the stimuli of Session 3, associated with the simulations
with different cutoff frequencies, including the positions of the stimuli and the ellipses

representing the 95% confidence intervals for the stimuli coordinates

6.4 Summary and discussion

This chapter provided us with psychoacoustic processes required for obtaining an

accurate modeling of vibrating panels from a perceptual point of view. The psychoa-
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coustic test was performed for 40 participants with an age range of 18 to 61. The

modeling and simulations were confirmed by psychoacoustic analyses, highlighting

the potential usefulness of considering both vibroacoustic and psychoacoustic per-

spectives for designing composite panels. The psychoacoustic test was conducted

across three sessions, with each session having a specific target. Based on the lab-

oratory vibroacoustic experiments conducted before (see Chapters 3, 4, and 5), the

pairwise comparison approach was used for dissimilarity evaluation of the acquired

and simulated stimuli. A MATLAB-based interface was developed for this purpose

and used for performing the dissimilarity evaluation of paired stimuli. After the test,

the clustering and dendrograms were used to identify outliers in the data acquired

via the participants. Afterwards, the multidimensional scaling approach, INDSCAL,

was used to establish the perceptual space of the dissimilarity and account for the

perceived distances between the stimuli. The results indicated that the simulated

stimuli were close to the recorded stimuli in the perceptual space, and these results

were confirmed by the statistical tests and the confidence intervals achieved by the

bootstrap analyses.

Finally, the topics addressed in this chapter involve the validation of the mathemat-

ical models and simulations discussed in the previous chapters, from the auditory

perceptual point of view. These validated models will ultimately be used in the next

chapter for the design of composite panels.
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Chapter 7

Design and optimization

In continuation of Chapter 6, this chapter places its emphasis on the design and

optimization of vibrating composite panels from a perceptual perspective. Initially,

specific composite panels were designed, building upon the model that was adjusted

and updated in Chapter 5. Subsequently, a series of psychoacoustic laboratory

experiments were conducted on these designs, each possessing distinct mechanical

properties. These psychoacoustic tests involved 40 participants aged between 19

and 63 years. Finally, using the outcomes of the psychoacoustic tests, corresponding

analyses were undertaken to assess and optimize the designs.

7.1 Composite panel design

According to the theories and experiments outlined in Chapter 5, we have developed

an updated model for composite sandwich panels featuring CRFP1 face sheets and

a Nomex hexagonal honeycomb core. Building upon the updated model, we can

now extend our modeling and simulation efforts to explore various designs with

specific mechanical and geometrical characteristics from a perceptual point of view.

Table 7.1 summarizes the geometrical and mechanical parameters of the sandwich

composite panel tested in the laboratory experiments, in relation to the associated

updating procedures. In this table, the parameters hf , hc, Dt, Ef , G and η represent,

respectively, the thickness of the face sheets, thickness of the core, total bending

stiffness, Young modulus of face sheets, the shear modulus of the core, and loss

damping factor. The loss damping factor η was estimated by the Least-Squares

Complex Exponential Method and the laser measurements (see Sections 4.2.3 and

5.3.1), and the mechanical parameters Dt, Ef and G were updated following the

1Carbon-Fiber-Reinforced Polymer

129
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Table 7.1: The geometrical and mechanical parameters associated with the
composite sandwich panel tested in the laboratory experiments in Chapter 5 (a

and b: dimensions of panel, hf : thickness of face sheets, hc: thickness of core, Dt:
total bending stiffness, Ef : Young modulus of face sheets, G: shear modulus of

core, and η: loss damping factor)

Geometrical parameters Mechanical parameters

Parameters a [cm] b[cm] hf [mm] hc [mm] Dt [Nm] Ef [GPa] G [MPa] η

Values 40 60 0.2 13.5 1034 50.12 71.17 0.0916

procedures outlined in Chapter 5. Additionally, Figure 7.1 schematically presents

an overview of the composite panel geometric characteristics, including those of its

core. Furthermore, considering that the core is composed of a hexagonal honeycomb

Figure 7.1: The designed composite sandwich panel with a hexagonal honeycomb core

cells, the following equation establishes a relationship between the effective shear

modulus of the core G and the parameters of the honeycomb unit cells (e.g. see

chapter 4.5 in Gibson and Ashby [1997]):

h/l + sinθ

(1 + 2h/l) cosθ

t

l
≤ Gxz

Gs

≤ 1

2

h/l + 2sin2θ

(h/l + sinθ) cosθ

t

l
(7.1.1)

Gyz

Gs

=
cosθ

(h/l + sinθ)

t

l
(7.1.2)

where h is the vertical member length, l is the angled member length, t is the wall

thickness, and θ is the cell angle (see Figure 7.1). Moreover, Gs represents the shear

modulus of the material employed within the cell wall. In the case of a regular

hexagonal honeycomb core, we have h = l and θ = 30◦; these conditions imply that

the core exhibits an isotropic behaviour within the xy-plane (i.e. G = Gxz = Gyz).
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Table 7.2: The parameters of the unit cell associated with the hexagonal
honeycomb core of the sandwich panel (c: cell size, l: angled member length, h:

vertical member length, t: wall thickness, θ: cell angle, Gs: shear modulus of
material, Es: Young modulus of material, and ρs: mass density of material)

Cell parameters

Parameters c [mm] l [mm] h [mm] t [mm] θ [deg] Gs [GPa] Es [GPa] ρs [kg/m3]
Values 3 1.73 1.73 0.1 60 2.03 5.27 1370

Thus, when examining a regular hexagonal honeycomb core, Eqs. (7.1.1) and (7.1.2)

will be reduced to the following equation (e.g. see Kelsey et al. [1958], Gibson and

Ashby [1997])

G =
Gs√

3

t

l
=
Gst

c
(7.1.3)

Furthermore, other physical characteristics of the hexagonal honeycomb core like its

in-plane Young modulus Ec and mass density ρc can be obtained from the charac-

teristics of its unit cell as follows (e.g. see Gibson and Ashby [1997]):

Ec = 2.3

(
t

l

)3

Es , ρc =
2√
3

t

l
ρs (7.1.4)

As a result, given that the composite sandwich panel employed in our laboratory ex-

periments featured a regular hexagonal honeycomb core composed of Nomex aramid

fiber paper, the above relations allowed us to make predictions regarding the me-

chanical characteristics of the unit cell material. Table 7.2 provides a summary of the

geometrical and mechanical properties associated with the unit cell of the sandwich

panel core. In this table, we present the measured values of the cell wall thickness

t and cell size c obtained using a caliper during the laboratory experiments of the

mechanical excitation. The member length l is calculated as l = c/
√

3. The shear

modulus Gs, corresponding to the Nomex paper serving as the material for the unit

cell, is determined using Eq.(7.1.3) along with the updated value of the core shear

modulus G. Additionally, we have determined the Young modulus of the Nomex

paper, denoted as Es (cf. Table7.2), considering the Nomex paper as an isotropic

material. This relationship is expressed as Es = 2(1 + 2ν)Gs, where ν = 0.3. This

estimated Young modulus Es, obtained from the aforementioned equations and the

updated value of the core shear modulus, is in a good agreement with the range of

the Young modulus values obtained in similar studies, such as Roy et al. [2014].

Besides, Eq.(7.1.3) can prove valuable for designing composite sandwich panels

with different values of the core shear modulus. For instance, by adjusting the me-

chanical properties of the core material, Gs and Es, or modifying the dimensions of
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the unit cells, t and l, we can design cores with different shear modulus values. In

the preparation of the designs and their corresponding stimuli, as described in the

following parts, we have varied the core shear modulus from 20MPa to 80MPa. This

implies that the relative parameter t/l has ranged from 0.0171 to 0.0684, assuming

the same material as used in the composite panel tested in the experiments and

employed for the updated model. This range of variation for the relative parameter

t/l (or t/h) has also been explored in other studies like Zergoune et al. [2017] that

conducted certain numerical simulations to assess the geometrical configuration and

parameters of the core in a composite sandwich panel. In this research, the authors

investigated the relative parameters t/l and t/h within the range of 0.011 to 0.044.

They focused on a sandwich panel with Nomex aramid core, which exhibited me-

chanical properties similar to those utilized in our current study. Zergoune et al.

[2017] demonstrated that the relative factors t/l and t/h exert significant influences

on vibroacoustic characteristics, including the transition frequency and sound trans-

mission loss (STL). They observed that, particularly at mid-frequencies, an increase

in the relative factors t/l and t/h led to an increase in the transition frequency

and an enhancement in the STL curves. Furthermore, based on certain numerical

simulations examining the impact of cell angles θ on STL, they demonstrated that

the cell angle does not significantly affect STL, and the best performance for the

equivalent bending stiffness were achieved when θ was approximately equal to 28◦,

which is close to that of a regular hexagonal honeycomb. Additionally, their re-

search underscored the importance of sandwich core thickness hc on the transition

frequency and STL (for additional information refer to Zergoune et al. [2017]).

Similarly, for the other parameters, we obtained a logical range of variations from

previous similar studies. To achieve this, we considered the values of the parameters

obtained from, or used in, the updating procedures as the reference values (i.e., the

parameter values mentioned in Table 7.1). Then, for each design, we varied each

parameter around its respective reference value. In Chapter 5, we demonstrated

how the updated parameter values were aligned with the measurements and results

of previous studies. Consequently, we organized the parameters for 10 composite

panel designs as described in Table 7.3. The range of parameter variation was de-

rived from recent studies with case studies on composite panels and beams that are

approximately similar, such as the works by Ghinet and Atalla [2011], Li and Narita

[2013], Montalvão et al. [2013], Cherif et al. [2015], Sarlin et al. [2012], Zergoune

et al. [2017], Qi et al. [2019], Zhou et al. [2021], Collins et al. [2022]. In Table7.3, the

variation of each parameter is independent of the other parameters, except for the

equivalent parameters including the total bending stiffness Dt, the equivalent Young

modulus Eequi, and the total surface mass density M , which were derived from the
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Table 7.3: The geometrical, mechanical, and equivalent parameters associated with
the composite sandwich panels designed for psychoacoustic tests (hf : face sheet

thickness, hc: core thickness, Ef : Young modulus of face sheet, G: shear modulus
of core, η: loss damping factor, Dt: total bending stiffness, Eequi: equivalent Young

modulus, M : surface mass density, and Dt/M : stiffness-to-mass ratio)

Geometrical parameters Mechanical parameters Equivalent parameters
hf [mm] hc [mm] Ef [GPa] G [MPa] η Dt [Nm] Eequi [GPa] M [kg/m2y] Dt/M [Nm3/kg]

Design 1 0.2 13.5 30 71.17 0.0916 655 2.66 1.92 341
Design 2 0.2 13.5 70 71.17 0.0916 1480 6.02 1.92 771
Design 3 0.2 13.5 50.12 20 0.0916 1068 4.34 1.92 557
Design 4 0.2 13.5 50.12 80 0.0916 1100 4.47 1.92 573
Design 5 0.2 13.5 50.12 71.17 0.02 1093 4.44 1.92 570
Design 6 0.2 13.5 50.12 71.17 0.06 1093 4.44 1.92 570
Design 7 1.1 13.5 50.12 71.17 0.0916 6650 18.77 5 1330
Design 8 2 13.5 50.12 71.17 0.0916 13640 27.79 8.08 1687
Design 9 0.2 6 50.12 71.17 0.0916 220 9.15 1.23 178
Design 10 0.2 18 50.12 71.17 0.0916 1951 3.42 2.33 837

other parameters. The bending stiffness could be obtained by using the laminate

theory and calculating the stiffness matrix (refer to (4.2.1)), and consequently, the

equivalent Young modulus can be derived from Dt = EequiH
3/12/(1 − ν2) when we

have H = 2hf + hc as the total thickness of the sandwich panel and ν as the Pois-

son ratio. Additionally, the surface mass density of the composite panel could be

determined using the mass density of the face sheets (ρf ) and the core mass density

(ρc) through the equation: M = 2ρfhf + ρchc.

7.1.1 Vibroacoustic modeling

For the vibroacoustic modeling of the aforementioned designs associated with the

composite sandwich panels, the updated model of the 6th order problem was used

to determine the updated mode shapes by referencing Eq.(5.2.17). Considering the

mode shapes, we could subsequently calculate the natural frequency of each mode

for various designs of the vibrating panel, using their respective properties (see Table

7.3). This calculation involves utilizing the wave number associated with each mode

and the 6th order dispersion relation, as explained in Eq.(2.2.5). Then, by applying

the modal decomposition discussed in Chapter 2, we could analyze the flexural

vibration field of the vibrating panel with its new designs. Subsequently, in a manner

similar to the previous simulations described in Chapter 4, we could model the sound

pressure field at an arbitrary distance from the vibrating panel using the Rayleigh

integration (see Chapter 2). In this context, just as in the previous simulations, we

modeled the sound pressure level at a distance of 50 cm from each panel design.

Table 7.4 presents the sound pressure levels in dB(A) for the synthesised sounds

associated with various designs for two types of excitation, namely, mechanical and
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Table 7.4: The sound pressure levels of the stimuli, associated with the different
designs of the composite panel, excited by the mechanical and acoustic excitations,

[unit: dB(A)]

↓ Excitation | Design → Design 1 Design 2 Design 3 Design 4 Design 5 Design 6 Design 7 Design 8 Design 9 Design 10
Mechanical 56.3 55.3 55.7 55.8 56.3 55.7 55.6 55.4 56 56.4
Acoustic 53.4 52.8 51.9 52.8 53 52 52.1 52.3 53.8 52.4

acoustic excitations. The conditions of the excitations were similar to those in the

real laboratory experiments presented in Chapters 3 and 4. As was done with the

previous tests discussed in Chapter 6, in this case, these stimuli were also adjusted

by the Cortex Manikin MK2 to ensure the comfort of the participants.

7.2 Psychoacoustic tests

Herein, to conduct the psychoacoustic test aimed at evaluating the composite sand-

wich panel designs, we adhered to similar protocols and procedures employed in

Chapter 6 for perceptual validation and psychoacoustic assessments of simulations.

Additionally, the current tests incorporates preference score measurements.

7.2.1 Participants

A total of 40 participants, consisting of 22 females and 18 males, spanning an age

range from 19 to 63 years, actively participated in the auditory evaluation. The av-

erage age of the participants was 35.8 years, with a standard deviation of 15.3 years.

These individuals were from the students and staff of the ENTPE. All participants

were engaged in every test session. Moreover, all participants received compensation

for their involvement in the psychoacoustic experiments. Prior to the commence-

ment of the experiment, each participant confirmed their normal hearing abilities

and provided written consent for their participation.

7.2.2 Test conditions

The apparatus used was identical to the one employed in the previous psychoacoustic

tests for the perceptual assessments in Chapter 6. In a controlled experiment at

ENTPE’s campus, audio signals were played through Sennheiser HD600 headphones

and a high-quality LynxTWO sound card in a quiet room with a background noise

level of 24 dB(A). Participants interacted with a MATLAB-based computer interface

that guided them through the test and recorded their responses. Before the test,
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sound pressure levels of stimuli were adjusted using a Cortex Manikin MK2, placed

at the participants’ position. The audio files were later processed using dBsonic

software.

7.2.3 Stimuli

For the 10 composite sandwich panel designs, we carried out psychoacoustic tests in

two distinct sessions, each with a specific excitation. For Session 1, our focus was to

assess the preference and psychoacoustic qualities of these designs when subjected

to mechanical excitation. Session 2 involved assessing the designs, subjected to an

acoustic field excitation. The duration of each stimulus corresponding to each design

in the two sessions was 3 seconds, and after adjusting the stimuli for the comfort

of the participants in the listening tests, the average sound pressure level ranged

between 51.9 and 56.3 dB(A) (see Table 7.4). Hereafter, Sessions 1 and 2 shall be

referred to as the ”mechanical session” and the ”acoustic session,” respectively.

Furthermore, the same sound file preparation was used as in Section 6.2.5, encod-

ing signals in 16-bit WAV format with amplitude values ranging from -1 to +1.

For this purpose, the pressure values were normalized, created three-second stereo-

phonic samples with 0.1s fade-in and fade-out to ensure consistent presentation to

participants.

7.2.4 Method

To conduct psychoacoustic tests for evaluating the designs, we followed the paired-

comparison method outlined in Chapter 6. In the current listening tests, we in-

tegrated preference judgments into the methodology. So, the method allowed us

to capture both dissimilarity and preference judgments among the stimuli without

overly fatiguing the participants. Throughout the experiment, including instruc-

tions, training, and all dissimilarity and preference assessments conducted in two

test sessions, the average time spent per participant ranged from 40 to 45 minutes,

approximately 20 to 23 minutes for each session. Also, similar to the tests conducted

in Chapter 6, the presentation order of the pairs of sounds and the arrangement of

sounds within each pair were randomized for each participant, mitigating the risk

of introducing any presentation-related bias. Furthermore, we presented the ses-

sions to participants in a random order. In each session, participants first received

detailed on-screen instructions (in either French or in English, depending on their

language abilities), as illustrated by the English version in Figure 7.2. They also had

a training part to familiarize themselves with the test sounds and interface. Each
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session involved listening to pairs of sounds, and giving dissimilarity and preference

ratings. The stimuli were played for 3 seconds each, with a brief 0.5 seconds pause in

between. Participants rated the dissimilarity between sounds on a numerical contin-

uous scale from 0 to 10, with verbal descriptors at the endpoints from very similar to

very different. The measure of preference was a dichotomous choice. The interface

collected their judgments and stored all data in individual participant folders.

7.3 Results

In this section, we investigate the process of the measurements acquired in the two

sessions of the psychoacoustic test and provide a comprehensive discussion of their

corresponding analyses. We begin by addressing the crucial step of outlier detection

and classification necessary for data preprocessing. Subsequently, we evaluated the

designs from psychoacoustic point of view.

7.3.1 Classification and outliers detection

Similar to the classification performed in Chapter 6, herein, the Ascending Hier-

archical Classification (AHC) was employed to perform clustering analysis on the

participants. The detailed stages of participant clustering were discussed in Chapter

6. In Table 7.5, it is evident that across the two test sessions, the average linkage

method among all aggregation methods consistently exhibited the highest values

for both cophenetic and Goodman-Kruskal correlation coefficients (e.g. see Sokal

and Rohlf [1962], Farris [1969], Goodman et al. [1979]). Using the average linkage

method, aggregation was executed, leading to the development of dendrograms for

each session. To ascertain the optimal number of classes, a quality index was com-

puted for various partition configurations (see Eq.(6.3.2)). As demonstrated in the

dendrogram for the mechanical session (refer to Figures 7.3), participants 12 and 31

consistently stand apart from the remaining participants, forming a distinct cluster

for the mechanical session. Similarly, in the dendrogram for the acoustic session

(refer to Figures 7.5), participant 12 also emerges as a standalone outlier, positioned

within a separate cluster for the acoustic session. These findings indicate that the

responses of these particular participants to the stimuli significantly deviate from

those of the others. Furthermore, as evident from the Silhouette values, high Silhou-

ette values for a two-class configuration indicate a high-quality classification for both

sessions when we consider the number of classes to be 2 (see Figures 7.4 and 7.6).

Consequently, participants 12 and 31 were identified as outliers for the mechanical
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Figure 7.2: The English version of the initial interface: participants are guided with an
instruction before the test

session, and participant 12 as an outlier for the acoustic session. Therefore, the

participants 12 and 31, and the participant 12 were excluded from the analyses cor-

responding to the sessions of mechanical and acoustic excitations, respectively. It is
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Table 7.5: The series of aggregation methods and the quantified level of adequacy:
: cophenetic and Goodman-Kruskal (e.g. see Sokal and Rohlf [1962], Farris [1969],

Goodman et al. [1979]), used for the two Sessions

Mechanical Session Acoustic Session
Methods Cophenetic Goodman-Kruskal Cophenetic Goodman-Kruskal

Single 0.62 0.42 0.64 0.45
Complete 0.5 0.50 0.46 0.47
Average 0.76 0.68 0.80 0.68
Weighted 0.65 0.65 0.66 0.64
Centroid 0.74 0.63 0.78 0.61
Median 0.60 0.57 0.61 0.54
Ward 0.50 0.51 0.52 0.54

worth mentioning that in the above classification procedures, the dissimilarity data

were utilized for the outlier detection. The same procedures were also conducted

using the preference data, to reveal consistent outliers in each session. Likewise,

the AHC analysis applied to the preference data revealed participants 12 and 31 as

outliers in the mechanical session, and participant 12 as an outlier in the acoustic

session.

Figure 7.3: The Dendrogram associated with the classification of participants and outlier
detection in the mechanical session
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Figure 7.4: Weighted Silhouette values corresponding to the different classes of the participants
in the mechanical session

Figure 7.5: The Dendrogram associated with the classification of participants and outlier
detection in the acoustic session

7.3.2 Perceptual space

Similar to the analyses conducted in Chapter 6, for constructing the perceptual

space enclosing the stimuli, we have utilized the INDSCAL algorithm to analyze
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Figure 7.6: Weighted Silhouette values corresponding to the different classes of the participants
in the acoustic session

the dissimilarity data collected during the two sessions of the psychoacoustic test

(see Carroll and Chang [1970], Carroll [1972], Carroll and Arabie [1998], Borg and

Groenen [2005]). Additionally, similar to the previous analyses, we employed the

L-curve method to determine the optimal number of the perceptual dimensions from

the scree plots. The L-curve method indicates the number of dimensions that strike

a balance between effective reconstruction (i.e. accurate calculation of dissimilarity)

and complexity in the problem-solving process (i.e. number of dimensions) (e.g.,

see Hansen [1999]). In light of these considerations, we conducted computations

for various numbers of dimensions within the perceptual space. According to the

L-curve results (see Figures 7.7 and 7.8), we maintained the number of dimensions

at 2.

Accordingly, utilizing the INDSCAL method and considering two dimensions for the

perceptual space, we were able to construct a perceptual space that encompasses the

stimuli in both sessions. Figures 7.9 and 7.10 illustrate the coordinates of the stimuli

in the perceptual spaces corresponding to the mechanical and acoustic sessions. In

addition, the confidence interval for each stimulus, represented as a 2D error ellipse

in the perceptual space (see Trollé [2009]), has been determined using the bootstrap

technique at a 95% confidence level (see Weinberg et al. [1984]), similar to the

findings discussed in Chapter 6.

Furthermore, at a glance, one can find a similarity between the two distributions of

stimulus coordinates in the two perceptual spaces associated with the two sessions.
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The arrangement of the stimuli within perceptual spaces begins on the left side with

Design 9 having the lowest value for dimension 1. Following Design 9, both Design

1 and Design 3 also exhibit the lowest dimension 1 values, while dimension 2 is

increasing for them. Designs 4 and 6 reach their peak values for dimension 2, while

Designs 2, 5, and 10 see dimension 2 values decreasing. Finally, in Designs 7 and

8, dimension 1 reaches its maximum values. This behavioral pattern holds true for

the stimuli of the designs across both mechanical and acoustic sessions within the

perceptual spaces.

Figure 7.7: The L-curve (i.e. scree plot) between the error of the calculation (the 2-norm
distance between the measured and calculated dissimilarity), and the number of perceptual

dimensions corresponding to the mechanical session

7.3.3 Preference score

Preference judgments have been converted into preference rates in accordance with

Case 5 of the Law of Comparative Judgments presented by Thurstone [1927] that

proposed five specific instances of the law of comparative judgment, or measurement

model. A crucial instance within the model is Case 5. In this particular model case,

the greatest simplification is made by assuming that the discriminal dispersions of

stimuli are all uniform and uncorrelated, and then the preference score as the dis-

tinction between stimuli can be directly inferred from the proportion matrix (e.g.

see Bramley [2007] and Trollé [2009]).

Also, to accommodate the interaction between the dissimilarity test and the pref-

erence test when dealing with ”very similar” responses, we have made adjustments
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Figure 7.8: The L-curve (i.e. scree plot) between the error of the calculation (the 2-norm
distance between the measured and calculated dissimilarity), and the number of perceptual

dimensions corresponding to the acoustic session

Figure 7.9: The perceptual space and the coordinates of the stimuli, corresponding to the
mechanical session

to the proportion matrix. This adjusted proportion matrix is sometimes denoted

as the updated proportion matrix (e.g. see Faure and Marquis-Favre [2005], Trollé

[2009]. So, the updated proportion matrix is defined for n stimuli using the following
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Figure 7.10: The perceptual space and the coordinates of the stimuli, corresponding to the
acoustic session

equations:

P =



p11 p12 · · · p1j · · · p1n
p21 p22 · · · p2j · · · p2n
...

...
. . .

...
. . .

...

pi1 pi2 · · · pij · · · pin
...

...
. . .

...
. . .

...

pn1 pn2 · · · pnj · · · pnn


,

pij =
Nij+

NDij
2

NS

pji =
Nji+

NDij
2

NS
= 1 − pij

(7.3.1)

where Nij represents the frequency with which the ith sound is favored over the

jth sound, NDij
signifies the count of instances in which responses indicated a high

degree of similarity between the ith and jth sounds, characterizing them as ’very

similar.’ Ns stands for the total number of subjects in the study. The formula pre-

sented above combines dissimilarity and preference judgments, and this combination

between dissimilarity and preference assessments results in a reduction in test du-

ration and listener weariness.

Also, the 95% confidence intervals on preference scores are calculated using the boot-

strap technique (e.g. seeWeinberg et al. [1984]). Through bootstrap sampling, we

obtained participant samples, computed proportion matrices, and derived prefer-

ence scores. Finally, we estimated standard deviation and confidence intervals for

the preference scores. Figures 7.11 and 7.12 depict the mean preference scores for

both the mechanical and acoustic sessions, along with their respective 95% confi-
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dence intervals related to the stimuli. Analyzing these visuals, it becomes evident

that among all the designs, Design 2 stands out with the highest preference score in

the mechanical session, while Designs 7 and 8 excel in the acoustic session.

Figure 7.11: The preference scores corresponding to the different designs in the mechanical
session

Figure 7.12: The preference scores corresponding to the different designs in the acoustic session
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7.3.4 Correlation of preference with perceptual dimensions

Analyzing data from each test session, we observed a correlation between the pref-

erence score and one of the dimensions within the perceptual space. The statistical

analysis revealed a significant correlation between preference and the 2nd dimension

for the mechanical session, where the correlation between the preference and the

2nd dimension was found to be (r = 0.88, p = 0.001) (see Figure C.5). On the other

hand, for the acoustic session, the statistical analysis revealed a significant corre-

lation between preference and the 1st perceptual dimension, where this correlation

was (r = 0.97, p < 0.001) (see Figure C.9).

Furthermore, Figures 7.9 to 7.12 illustrate a clear correlation between preference

and the aforementioned perceptual dimensions. When we compare the perceptual

space of the mechanical session with the preference scores, it becomes evident that

the preference increases from the bottom to the top of the perceptual space (specif-

ically, on Dimension 2) (see Figures 7.9 and 7.11, and for instance, follow Design 8

to Designs 2 and 4). On the other hand, for the acoustic session, we observe how

the preference increases from the left side to the right side of the perceptual space

(specifically, on Dimension 1) (see Figures 7.10 and 7.12, and for instance, follow

Design 9 to Designs 8).

7.3.5 Impression of stimuli ranked in perceptual space

Based on our personal impressions while listening to the stimuli, we observed certain

patterns in both the mechanical and acoustic sessions. In the mechanical session,

Dimension 1 appeared to be associated with the progression from bass sounds to tre-

ble sounds, with the lowest and highest stimulus positions indicating the extremes

of this transition. This shift is clearly illustrated, for example, when we compare

the personal impressions of designs 9 and 8, where these designs have almost similar

values of Dimension 2, but they differ significantly in Dimension 1, and highlighting

the transition from bass to treble. On the other hand, in Dimension 2, there is a

slight shift from loud to soft sounds, which becomes apparent, for instance, when

comparing some designs like 2 and 5.

Moving on to the acoustic session, we found that Dimension 1 was primarily linked

to a shift from loud to soft sounds, with the lowest and highest stimulus positions

representing the contrast between these two audio characteristics. Still from listen-

ing, it became evident that Dimension 2 reflects a transition from bass to treble

sounds.



146 CHAPTER 7. DESIGN AND OPTIMIZATION

7.3.6 Psychoacoustic analysis

In order to interpret the dimensions of perceptual space as well as the preference

scores from the psychoacoustic point of view, these features were initially inves-

tigated through a listening study. The objective was to evaluate which auditory

attributes could potentially explain each perceptual dimension and the preference

score. Subsequently, a correlation analysis was performed between them and indices

representing auditory attributes. For this purpose, the dBSonic sound analysis soft-

ware has been used for calculating the psychoacoustic indices of the stimuli for each

session. So, the psychoacoustic indices including loudness [sone], sharpness [acum],

roughness [asper], tonality [Hz], and fluctuation [vacil] associated with the stimuli

of each session were estimated and then the correlation of the indices with the di-

mensions of the perceptual space and preference score were investigated.

Zwicker’s loudness calculation is based on ISO532B (Zwicker et al. [1991]) and DIN

45631 in dBsonic software (dBsonic Manual [2005]), leading to same loudness results,

for example, for non-stationary environmental noises, as the Zwicker’s loudness cal-

culation from the software Artemis (Head Acoustics) based on the last version of the

standards, ISO532-1 (2017) (cf. Legros [2020]). Also, the tonality was derived by the

standard DIN 45681-2002 (e.g. see DIN45681:2005-03 [2005-03] and DIN45681:2006-

08 [2006-08]), and the sharpness, roughness, and fluctuation were calculated based

on the models developed by Aures [1985a,b]. Moreover, the spectral center of grav-

ity (SCG), defined as the spectral centroid (SC) of the signal, has been calculated

in Hz using MATLAB (e.g. see Trollé [2009], Engel et al. [2021]). The SC is used

to describe the perceived brightness of timbre. A higher SC suggests more energy

in higher frequencies, making a sound appear sharper, while a lower SC indicates

more energy in lower frequencies.

Thus, we proceeded to investigate potential linear regression relationships between

the psychoacoustic indices, perceptual space dimensions, and preference scores as-

sociated with the stimuli in the two test sessions, in order to find a model for the

preference of the designs based on the psychoacoustic indices. Based on the available

data, the regression analyses revealed a strong correlation between some indices and

the perceptual dimensions and preference in the sessions with the both mechanical

and acoustic excitations.

In the perceptual space of the mechanical session, Dimension 1 exhibited noteworthy

correlations with the Sharpness and SC, as indicated by the statistical parameters

(r = 0.71, p = 0.023) and (r = 0.78, p = 0.008), respectively (see Figures C.1 and

C.2). Also, the statistical results demonstrated that the preference for the stimuli

in the mechanical session exhibited a significant correlation with the loudness, with
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statistical parameters (r = −0.83, p = 0.003) (see FigureC.6). Although a notable

correlation was observed between preference and the second perceptual dimension

(as shown in subsection 7.3.4), Dimension 2 did not demonstrate a significant corre-

lation with loudness in the mechanical session (its statistical parameters for testing

the correlation were (r = −0.59, p = 0.07)) (see FigureC.4). The correlation coeffi-

cient sign and the difficulty to reach significance for this correlation coefficient were

in line with our impression of a slight shift from loud to soft when listening to stimuli

along this dimension. This result was linked to the weak variation in dB(A) between

stimuli (cf. Table 7.4) resulting from the variation of the mechanical parameters of

the sandwich panel (cf Table 7.3). It has to be mentioned that Dimension 2 could

not pass the statistical tests regarding the correlation with other psychoacoustic and

acoustic indices, too.

Regarding the acoustic session, notably, Dimension 1 showed a significant correlation

with the loudness, with the statistical parameters (r = −0.95, p < 0.001) (see Figure

C.8). Moreover, Dimension 2 in the acoustic session displayed a significant correla-

tion with Sharpness, supported by the parameters (r = 0.81, p = 0.005) (see Figure

C.10). On the other hand, the statistical results demonstrated that the preference

score in the acoustic session exhibited a significant correlation with the loudness,

with statistical parameters (r = −0.95, p = 0.001) (see FigureC.11). As mentioned

in Section 7.3.4, in the acoustic session, the preference exhibited a significant corre-

lation with the 1st dimension of the perceptual space, too.

Furthermore, we conducted an examination of the relationship between preference

and the SPL[dB(A)]. In the mechanical session, this correlation did not yield sta-

tistically significant results, as indicated by the parameters (r = −0.19, p = 0.588).

Conversely, during the acoustic session, unlike the mechanical session, we observed a

statistically significant correlation between preference and SPL [dB(A)], supported

by the parameters (r = −0.72, p = 0.018). However, it’s important to note that

this correlation was weaker than the significant correlation between preference and

loudness.

In any case, as a result, the above-mentioned statistical examination of the correla-

tion between preference and loudness suggests the possibility of constructing a linear

model for predicting the preference. Interestingly, our findings indicated that the

coefficients of this model appear to be statistically consistent across the two inde-

pendent sessions involving the mechanical and acoustic excitations. Such a linear

model can take the form of the following equation:

P (s) = αN(s) + α0 (7.3.2)
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Table 7.6: The statistical results associated with the regression model
P (s) = αN(s) + α0 between the preference and loudness for the mechanical session

p-value Estimated coefficeints Standard deviations
R2 (adjusted) Overall α0 α α0 α α0 α

0.66 0.003 p <0.001 0.003 2.329 -0.343 0.420 0.081

Table 7.7: The statistical results associated with the regression model
P (s) = αN(s) + α0 between the preference and loudness for the acoustic session

p-value Estimated coefficeints Standard deviations
R2 (adjusted) overall α0 α α0 α α0 α

0.89 p <0.001 p <0.001 p <0.001 1.763 -0.228 0.140 0.026

Here, N(s) represents the loudness in sones according to Zwicker’s calculation method

ISO532B, and P stands for the preference score corresponding to the stimulus s.

Tables 7.6 and 7.7 display the coefficients derived for the aforementioned model,

corresponding to both the mechanical and acoustic sessions. These coefficients were

estimated using psychoacoustic data (i.e. the preference scores and loudness of the

stimuli) associated with these two independent sessions with mechanical and acous-

tic excitations. Tables 7.6 and 7.7 indicate that the coefficients of the model in both

sessions are statistically significant. The adjustment quality of these two preference

models is displayed in Figures 7.13 and 7.14 for the two sessions. To compare the

two models, we cross-predicted preference scores between acoustic and mechanical

sessions. Figures 7.15 and 7.16 are displaying the prediction quality of the two

preference models. It led to a good prediction quality when applying mechanical

preference model on the acoustic session. Such a good prediction quality was not

obtained when applying the acoustic preference model on the mechanical session.

Thus it is proposed to consider only the mechanical preference model to be used for

the two types of excitation.

7.3.7 Mechanical parameters

When examining the statistical correlation of the physical parameters of the de-

signs, including the mechanical, geometrical, and equivalent parameters (see Table

7.3), with the dimensions of the perceptual space as well as preference scores, the

problem becomes increasingly intricate. The complexity arises from the definitions

and relationship of the parameters of the designs. Some of these parameters are

functions of others, and notably, there are non-linear relationships among some of

these parameters. Consequently, the task of establishing a linear regression model

between certain physical parameters of the designs and the perceptual dimensions
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Figure 7.13: Adjustment quality for the mechanical preference model: the comparison of the
measured and calculated preference scores corresponding to the mechanical session, along with

their respective 95% confidence intervals

Figure 7.14: Adjustment quality for the acoustic preference model: the comparison of the
measured and calculated preference scores corresponding to the acoustic session, along with their

respective 95% confidence intervals

and preference scores becomes notably challenging, particularly when dealing with

a wide range of variations of the parameters.

Herein, the statistical analyses indicated that the stiffness-to-mass ratio correlates

with dimension 1 in both sessions with mechanical and acoustic excitations (see Fig-
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Figure 7.15: Prediction quality of the acoustic preference model: the comparison of the
measured preference scores of the mechanical session with the one predicted by the acoustic

preference model, along with their respective 95% confidence intervals

Figure 7.16: Prediction quality of the mechanical preference model: the comparison of the
measured preference scores of the acoustic session with the one predicted by the mechanical

preference model, along with their respective 95% confidence intervals

ures C.3 and C.7). On the other hand, in the mechanical session, dimension 1 is also

statistically associated with the sharpness (see FigureC.1), while in the acoustic ses-

sion, it is connected with the loudness (see Figure C.8). The stiffness-to-mass ratio

is the ratio of the bending stiffness and surface mass density of the panel that di-
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rectly influence both the amplitude and natural frequency of the frequency response

(refer to Eqs.2.3.5 and 2.3.6). From the theoretical point of view, this parameter is

capable of impacting the amplitudes at natural frequencies and consequently quan-

tities related to the amplitude and energy of the signal such as sound pressure level

and loudness. Moreover, since the stiffness-to-mass ratio is considered as a crucial

parameter in determining the values of the natural frequencies of a vibrating panel

(e.g. see Eqs.3.1.1 and 3.1.4), its variation leads to a shift of natural frequencies (as

illustrated in Figure C.13 in Appendix C), and then leads to variations of indices,

such as spectral centroid (SC) and sharpness, which account for the distribution of

the energy according to the frequencies. Herein, upon analyzing the both sessions, it

interestingly becomes evident that in the mechanical excitation session, the Dimen-

sion 1, which is connected to the stiffness-to-mass ratio, is also linked it to sharpness

and spectral centroid (see Figures C.1 and C.2). And similarly, in the acoustic exci-

tation session, the Dimension 1, which is connected to the stiffness-to-mass ratio, is

also linked to loudness and sound pressure level (SPL). Such results are explained by

the fact that considering the acoustic excitation applied to all points of the surface

of the vibrating panel, the stiffness-to-mass ratio variations impact amplitudes at

more natural frequencies, compared to the mechanical excitation. Hence, it could

predominantly influence the loudness and sound pressure level.

Figures C.13 and C.14 in Appendix C illustrate a SPL comparison among designs

with varying stiffness-to-mass ratios for the sessions with mechanical and acoustic

excitations, respectively. The designs have been chosen in a manner that aligns their

changes in the perceptual space as closely as possible with dimension 1. These figures

demonstrate how, changes in the stiffness-to-mass ratio for the mechanical session

can influence and shift resonance frequencies, and also, in the acoustic session, they

showcase how such variations can impact the amplitude of the sound pressure level.

Now, at this step, the primary objective is to identify critical physical parameters

that may potentially influence both preference and perceptual dimensions. Discov-

ering these influential parameters, which can impact preferences, proves valuable in

fine-tuning mechanical parameters during the design phase of composite structures

in future studies. Additionally, given the observed correlation between perceptual

dimensions and preferences, understanding such relationships between the physical

parameters and perceptual dimensions may also prove beneficial in the design phase

of composite structures. Therefore, in the initial step, we examined the correlation

and linear regression between each individual parameter of the designs (see Table

7.3), the perceptual dimensions, and the preference scores corresponding to both

sessions. Moreover, we also had certain experimental limitations in varying spe-

cific parameters. For instance, when the number of variations for each parameter
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was increased, we had to correspondingly increase the number of stimuli, poten-

tially leading to a longer duration for the psychoacoustic test. As a result, we had

only a limited number of variations for some parameters (see Table7.3). Therefore,

considering such limitation, the primary objective of the statistical analysis in this

phase was to identify the most influential parameters that could impact the audi-

tory perception and preference. Meanwhile, the parameters that exhibited the most

variation are the bending stiffness, equivalent Young modulus, mass density, and

stiffness-to-mass ratio (see Table 7.3). This variation proved advantageous for these

parameters, attaining more robust results in the statistical analysis, compared to

other parameters. Remarkably, the statistical analysis revealed that the stiffness-

to-mass ratio (denoted as Dt/M) exhibited the strongest correlation among all the

physical parameters with the perceptual dimensions. Specifically, the 1st dimension

in both the mechanical and acoustic sessions, along with the preference score in the

acoustic session, displayed the highest correlations with the stiffness-to-mass ratio

when compared to other physical parameters. The corresponding correlations, de-

noted as r, of Dt/M with the 1st dimension in both the mechanical and acoustic

sessions, as well as with the preference score in the acoustic session, were found to

be (r = 0.85, p = 0.002), (r = 0.90, p < 0.001), and (r = 0.85, p = 0.002), respec-

tively (also, see FiguresC.3), C.7, and C.12. These correlation values emphasize

the statistical significance of the relationships between the perceptual space and the

preference score with the stiffness-to-mass ratio. However, in the mechanical session,

the preference did not exhibit any significant statistical linear relationships with any

of the physical parameters.

As a result, we started an investigation into the regression-based statistical anal-

yses between several physical parameters and preference scores, in order to find a

model for calculating the preference scores by means of the mechanical parameters.

In this regard, we specifically selected parameters that maintained statistical and

physical independence from one another. We subjected 175 unique combinations

of the parameters of the designs to the regression modeling. These combinations

include single, double and triple combinations of mechanical parameters. Among

these combinations, we were able to identify a suitable linear regression model for

the acoustic session. However, no reasonable or acceptable linear regression model

could be found for the mechanical session when considering the linear relationship

between mechanical parameters and preference. Consequently, the presence of non-

linear terms in this model was suspected. Hence, for the mechanical session, we

also explored various nonlinear regression models, including terms with a power of

2. Ultimately, from the array of tested regression models for the both sessions, we

selected the one with the highest adjusted coefficient of determination, R2, while tak-
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ing into account the independency and physical meaningfulness between the chosen

parameters. Tables 7.8 and 7.9 provide a comprehensive overview of the statistical

parameters associated with the regression models, which was developed to model

the preference scores in the two sessions with respect to the mechanical parameters.

In fact, in two sessions with inherently different excitations, it can not be expected

to achieve identical models of mechanical parameters with the same coefficients. It

is important to note that the coefficients of these models also depend on other fac-

tors like characteristics of mechanical and acoustic excitations. However, from these

two models, we can reach the critical mechanical parameters that determine the

preference scores. Notably, the regression analyses in the both sessions showed that

the preference scores depend on the same mechanical parameters: stiffness-to-mass

ratio Dt/M and loss damping factors η (c.f. Tables 7.8 and 7.9). In these tables,

the p-values associated with the regression analyses and the estimated coefficients,

considering a 95% confidence level, are acceptable and statistically significant.

Furthermore, to independently evaluate the correlation between preferences and

these crucial parameters (the stiffness-to-mass ratio Dt/M and loss damping fac-

tors η), and to ensure that the preferences are dependent on these parameters, we

conducted partial correlation analyses. In this context, we examined the partial

correlation between these parameters and preferences. For the session with mechan-

ical excitation, first we calculated the partial correlation between the loss damping

factor η and the preference score, while controlling for the effects of Dt/M and the

nonlinear term (Dt/M)2. The estimated partial correlation of η with the preference

and the corresponding p-value were (r = 0.86, p = 0.006). Similarly, we performed

a partial correlation between the stiffness-to-mass ratio Dt/M and the preference

score, while controlling for the effects of η and the nonlinear term (Dt/M)2, yielding

the result (r = 0.89, p = 0.002). Likewise, for the session with acoustic excitation,

we conducted the partial correlation analyses to obtain the partial correlations of

Dt/M and η with preferences. This was done while controlling for the effect of one

parameter on the correlation of the other. The partial correlations of η and Dt/M

were obtained equal (r = −0.80, p = 0.009) and (r = 0.95, p < 0.001), respectively.

As can be seen, in all these results, the partial correlations are significant. Notably,

the partial correlation between the stiffness-to-mass ratio Dt/M and preference for

the acoustic session showed an increase compared to the value of the ordinary cor-

relation mentioned before.

Remarkably, in both of the aforementioned regression models of the two sessions,

the stiffness-to-mass ratio and the loss damping factor η emerges as crucial factors

in determining the preference. For instance, when we compared the preference plot

corresponding to the acoustic session with the properties of the designs (c.f. Table
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Table 7.8: The regression model for preference P in the mechanical session in
relation to the mechanical parameters η, and Dt/M , where r is the correlation

between the modeled and measured preference, and the model is defined as
P = α0 + α1η + α2Dt/M + α3(Dt/M)2

p-value Estimated coefficeints Standard deviations
R2 (adjusted) overall α0 α1 α2 α3 α0 α1 α2 α3 α0 α1 α2 α3 r

0.86 p <0.001 0.02 p <0.001 p <0.001 p <0.001 -0.304 5.290 0.001 -8.312E-07 0.102 0.009 2.569E-04 1.310E-07 0.94

Table 7.9: The regression model for preference P in the acoustic session in relation
to the mechanical parameters η, and Dt/M , where r is the correlation between the

modeled and measured preference, the regression model is defined as
P = α0 + α1η + α2Dt/M

p-value Estimated coefficeints Standard deviations
R2 (adjusted) Overal α0 α1 α2 α0 α1 α2 α0 α1 α2 r

0.87 p <0.001 p <0.001 0.01 p <0.001 0.538 -3.443 3.93E-04 0.084 9.75E-01 5.10E-05 0.95

7.3 and Figure 7.12), it becomes evident that there is a strong correlation between

preference and the stiffness-to-mass ratio (expressed as Dt/M). Designs with a high

stiffness-to-mass ratio, such as Designs 7 and 8, consistently achieve high preference

scores, whereas designs with low preference scores, such as Design 9 and 1, con-

sistently exhibit the lowest preference scores among all the designs (c.f Table 7.3

and Figure 7.12). In Tables 7.8 and 7.9, the parameter r represents the correlation

between the preference scores calculated via the regression models and the mea-

sured preference scores, demonstrating a strong correlation between the calculated

and measured ones. Additionally, when concluding the analysis of the mechanical

parameters, it is essential to note that, from a statistical perspective, achieving an

accurate and correct estimation of the parameters in the aforementioned models

necessitates more measurements gathered from a broader range of designs and a

greater variety of parameter variations.

7.3.8 Optimal designs

For completing the analyses, a question emerges regarding the optimal designs

among those analyzed. In this scenario, guided by the results from the analysis of the

preference scores, we will delve into a multi-objective optimization problem where

the concept of the Pareto Front can offer a set of optimal solutions. In the context

of multi-objective optimization, the Pareto Front defines the collection of optimal

solutions where no alternative solution surpasses them in all objectives simultane-

ously. It comprises the non-dominated solutions, often referred to as Pareto-optimal

solutions, which encompass all conceivable optimal choices for the multi-objective

optimization problem. The Pareto Front is formally defined as follows (e.g. see
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Branke [2008], Deb [2011]):

PF = {x ∈ X | ∄x́ ∈ X where x ≺ x́} (7.3.3)

where PF represents the Pareto Front, X denotes the set of candidate solutions (like

the 10 designs in the current study), and x and x́ represent individual solutions

in the set X. ∄ signifies the ”there does not exist” condition, and ≺ represents

dominance, x́ ≺ x indicating that x dominates x́ (i.e., x is at least as good as x́

in all objectives and strictly better in at least one). From a perceptual standpoint,

when considering the preference scores in both mechanical and acoustic sessions, we

engage in a two-objective optimization. Figure 7.17 displays the 10 designs tested

in the psychoacoustic assessment, revealing the Pareto Front comprising Designs 2,

6, 7, and 8 as the optimal non-dominated solutions. These designs consistently out-

perform others in terms of preference scores in both sessions. For instance, Design

2 outperforms Designs 1, 3, 4, 9, and 10 in both mechanical and acoustic sessions.

When comparing Design 2 and Design 7, neither can dominate the other, as each

excels in one of the preference score categories, but Design 7 exhibits superior pref-

erence scores in both mechanical and acoustic sessions when compared to Designs

1, 5, and 9. This suggests that Design 7 has outperformed these designs.

Upon closer examination of the Pareto Front, featuring designs 2, 6, 7, and 8, we

can identify most optimal solutions amongst these designs again. For instance, ana-

lyzing the 95% confidence intervals represented as ellipses in two-dimensional space,

we observed that in the acoustic session, there is no significant difference between

the preference scores of designs 2 and 6. However, when considering the mechanical

session, design 2 proves to be superior to design 6. Similarly, comparing design 7 to

design 8 and factoring in confidence intervals, we find no significant differences in

the acoustic session, but in the mechanical session, design 7 outperforms design 8,

making it the more optimal choice. Hence, the Pareto Front could actually identify

designs 2 and 7 as the optimal choices out of the 10 designs under study.

Indeed, these two designs represent the best options from a psychoacoustic per-

spective, although with different mechanical parameters. Now, to determine the

most suitable choice for our specific application, we must emphasize the mechanical

properties of these optimal solutions. Referring to Table 7.3, Design 7 exhibits a

superior stiffness-to-mass ratio (for instance, in certain applications such as aircraft

or robotic structure design, this ratio holds critical significance when selecting ma-

terials for structural components (e.g. see Shearer and Cesnik [2007], Kim et al.

[2016], Warwick et al. [2019], Pires et al. [2022]). However, Design 2 is lighter than

Design 7 (see Table 7.3). Furthermore, it is worth noting that what makes these

Pareto solutions, namely Designs 2 and 7, particularly noteworthy is how they vary
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depending on the characteristics of the face sheets during the design phase. Design 2

aimed to assess the influence of Young’s modulus of the face sheets Ef , while design

7 aimed to evaluate the effect of face sheet thickness hf . These Pareto results un-

derscore the substantial impact of face sheet characteristics in composite sandwich

panel design (c.f. Table 7.3 and Figure 7.17).

Figure 7.17: The Pareto Front: the graph displays the Pareto optimal solutions (the solutions
located on the red dash-dot line) in a 2D space of solutions, illustrating the preference scores for

both mechanical and acoustic sessions, displaying the preference scores of the 10 designs
accompanied by their respective 95% confidence intervals

7.4 Summary and discussion

This chapter primarily focuses on the design and optimization of vibrating compos-

ite panels from a perceptual standpoint. We developed 10 composite panel designs,

building upon the model refined and updated in Chapter 5. We carefully examined

the geometrical and mechanical parameters of the composite vibrating panels, in-

cluding the core shear modulus, drawing from insights gained from similar previous

studies. These parameters were tried to be meticulously arranged and planned for
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the psychoacoustic testing.

The stimuli corresponding to each design were simulated using the updated model

and the Rayleigh integration method. Two separate sessions of psychoacoustic ex-

periments were conducted: one based on mechanical excitation and the other based

on acoustic excitation. After obtaining the psychoacoustic measurements, we pre-

processed the data using AHC (Ascending Hierarchical Clustering) to detect and

remove outliers.

Subsequently, we applied the INDSCAL method, the Multidimensional Scaling tech-

nique, to construct the perceptual space associated with the two sessions. Before

constructing these perceptual spaces, we utilized the L-curve method to determine

the optimal number of dimensions required. Once the perceptual spaces were cre-

ated, we computed preference scores for each session and analyzed their correlation

with the dimensions of the perceptual space.

Before investigating the psychoacoustic analyses, we discussed the perceptual im-

pressions and feelings elicited by the stimuli. The psychoacoustic analyses were

then conducted based on the psychoacoustic indices obtained from dBsonic soft-

ware. These analyses shed light on how psychoacoustic indices relate to perceptual

dimensions and their impact on preference scores.

Notably, all the psychoacoustic results highlighted that loudness had the most signif-

icant effect on preference in both sessions even when weak differences are observed

in dB(A). To address this, we developed a linear model for predicting preference

based on loudness. Additionally, we explored the correlations between mechanical

parameters and the perceptual space as well as the preference score. Our find-

ings revealed that the stiffness-to-mass ratio and the loss damping factor were the

most influential physical parameters among all the parameters considered. Further-

more, we introduced two regression models that relate the preference observed in

the two sessions to various mechanical parameters. Finally, among all the designs,

an attempt was made to identify the optimal designs using the Pareto method of

multi-objective optimization. The selected designs as the optimal Pareto solutions

revealed that the Young modulus and the thickness of the face sheet are the most in-

fluential parameters for designing the optimum designs, where these two parameters,

Ef and hf , are the determining factors for the stiffness-to-mass ratio Dt/M that also

served as a determining factor for the preference score. It is worth mentioning that

such relationship between the mechanical properties and the auditory attributes has

been investigated in other studies, such as Faure and Marquis-Favre [2005], Miloudi

et al. [2010]. The research of Faure and Marquis-Favre [2005] revealed a significant

correlation between the mechanical properties of an isotropic plate, specifically its

thickness, Young’s modulus, and damping factor, and the preference score. Further-
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more, Miloudi et al. [2010] conducted an evaluation of the impact of various physical

parameters on the perception of sound generated by various impacted plates. This

evaluation was carried out through a combination of design of experiments method-

ology and preference testing. The model and statistical tools employed in Miloudi

et al. [2010] enabled the assessment of the influence of predominant factors, includ-

ing thickness, damping, material composition, and boundary conditions, on both

radiated noise and the associated perception of sounds.

Furthermore, herein, from both theoretical and perceptual points of view, we could

observe how the critical parameter, stiffness-to-mass ratio Dt/M , is capable of influ-

encing certain pyschoacoustic indices: loudness, sharpness, and SC. Such effects of

mechanical parameters on various psychoacoustic indices have also been investigated

in other studies (e.g. see Atamer and Altinsoy [2021]).



Chapter 8

General conclusion

After conducting a comprehensive analysis of flexural vibration models for compos-

ite panels, examining the vibroacoustic behavior of composite panels under both

acoustic and mechanical excitations, as well as investigating the updating proce-

dures required for enhancing the models, and consequently conducting psychoacous-

tic assessments of the simulations and designs, this part aims to summarize the key

accomplishments of the thesis.

8.1 Mathematical model analysis

In this thesis, first we have conducted a thorough analytical examination of the vi-

broacoustic characteristics exhibited by composite panels. The research delve into

the intricacies of the models and partial differential equations governing these vibra-

tional behaviors, with particular focus on both 4th and 6th order problem formula-

tions. To achieve this objective, we discussed in-depth the 6th and 4th order prob-

lems that govern the vibrational behavior of various composite panels (see Chapter

2). These problem formulations rely on specific assumptions, namely the Kirchhoff-

Love assumptions for the 4th order problem and the Mead assumptions for the 6th

order problem. The Kirchhoff-Love assumptions, which neglect transverse shear and

rotary inertia effects, validate the applicability of the 4th order problem to thin com-

posite panels. Conversely, the Mead assumptions extend the relevance of the 6th

order problem to sandwich composite panels by accounting for shear effects in the

flexural motions of these panels. Throughout this thesis, these problem formulations

have served as the cornerstone upon which our simulations and mathematical mod-

els have been constructed. We have studied both the 4th and 6th order problems

to simulate and model the vibroacoustic behavior of various panels, encompassing

159
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isotropic, composite laminate, and composite sandwich panels. Subsequently, we

subjected these models and simulations to careful examination through real labo-

ratory experiments. To accomplish this, we tested different panel types under two

distinct laboratory conditions: one involving diffuse acoustic field excitation and the

other involving mechanical excitation. Furthermore, within the framework of this

thesis, the 4th and 6th-order problems have provided the foundational principles for

the development of a hybrid updating method. This method has proven invaluable

for precise vibroacoustic modeling of composite panels. As part of our research, we

planned to subject the results obtained from our simulations and models to percep-

tual validation and assessment in specialized psychoacoustic tests. In addition to

their role in theoretical analysis, these problem formulations have been instrumental

in guiding the design and psychoacoustic optimization of a specific type of composite

panels.

8.2 Vibroacoustic modeling

In the context of the thesis, a primary objective was to establish a comprehensive

framework for modeling the vibrational and acoustic behavior of panels excited by

acoustic and mechanical loads. This framework was essential for synthesizing sounds

radiated from the vibrating panels, which in turn was required by the psychoacoustic

tests. For this purpose, regarding the acoustic excitation, the methodology began

with the formulation of a theoretical strategy and the application of stochastic anal-

yses to address the modeling of the panels exited by a Diffuse Acoustic Field (DAF).

As mentioned before, specifically, we focused on the 4th and 6th order problems as

the foundational elements of our vibroacoustic models. Subsequently, we obtained

a stochastic model for the spectrum of the sound pressure level produced by the

vibrating panels. Afterwards, the methodology was examined by certain numerical

simulations and laboratory experiments. We endeavored to ideally generate a DAF

excitation field in a controlled condition during the laboratory experiments. For

this purpose, an acoustic test cabin was utilized, which allowed the experiments to

generate and apply a DAF excitation to various sample plates. The laboratory ex-

periments involved four isotropic sample panels of different sizes and one composite

panel. Subsequently, we compared the experimental results with our mathemati-

cal models and simulations. These comparisons served to empirically validate the

stochastic analyses employed in the vibroacoustic modeling of panels excited by

DAF. Furthermore, the experimental results obtained from both the isotropic and

composite panels affirmed the effectiveness of our 4th and 6th order problem-based

approach. As a result, the proposed methodology also showed its ability in accu-
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rately synthesizing the sounds required for psychoacoustic tests and analyses of the

panels exited by a diffuse acoustic field (see Chapter 3).

Similarly, regarding the mechanical excitation, we conducted an extensive inves-

tigation into vibroacoustic modeling for composite panels excited by a point-wise

mechanical load, which involved a combination of theoretical analysis and practical

experimentation. To achieve this, a series of laboratory experiments were carried out

within an anechoic chamber (see Chapter 4). These experiments incorporated laser

Doppler vibrometry and sound pressure level measurements and were performed on

various panel types, including a thick composite panel consisting of a Nomex honey-

comb core and CFRP facesheets, a thin composite panel made of CFRP laminate,

as well as two isotropic plates composed of steel and aluminum. These additional

isotropic plates were included to provide further validation for the vibroacoustic

models. The results obtained from these experiments validated the models used for

vibroacoustic modeling of the composite panels, and they also enabled us to update

the models via the proposed updating method. These updated models are essen-

tial for achieving the level of modeling accuracy required to address psychoacoustic

concerns and undergo rigorous perceptual validation.

8.3 Hybrid updating method

In this thesis, a novel hybrid updating approach adapted for vibroacoustic modeling

of composite panels was developed and proposed. This approach was developed to

enhance models obtained by the 4th and 6th order problems. It relied on the hier-

archical functions for analytical problem formulation, the IWC1 technique for initial

parameter estimation, and utilized least squares optimization methods. The hybrid

approach employed the aforementioned techniques and methods sequentially, em-

ploying their unique strengths at each stage to complement one another effectively.

Hence, the method’s efficiency was achieved through the systematic implementation

of the established capabilities of these methods, facilitating the controlled evaluation

of parameters while eliminating time-consuming trial and error procedures.

The proposed hybrid approach was examined through the laboratory experiments

conducted under the mechanical excitation conditions, including the LDV and SPL

measurements. So, the laboratory experiments indicated that the results of the

updating procedures achieved a remarkable level of consistency among all collected

data, encompassing laboratory vibroacoustic measurements, mathematically enhanced

simulations via updating procedures, and preliminary mechanical parameter infor-

1Inhomogeneous Wave Correlation
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mation obtained from previous similar studies. This consistency provided strong

evidence of the capabilities of the proposed hybrid approach for model and parame-

ter updating, particularly in addressing the fourth and sixth order problems, with a

specific focus on thin and thick composite panels. Accordingly, these findings of the

updating approach enabled us to conduct precise simulations based on the updated

models that are essential for the integrated design of composite panels, encompass-

ing both vibroacoustic and psychoacoustic aspects, as used in other parts of the

thesis (for additional information refer to Chapter 5).

8.4 Psychoacoustic assessment

At the final stage of this thesis, both the models and the synthesized sounds played

a crucial role in assessing the composite panel designs from a perceptual perspective.

Consequently, it became necessary to subject the models and synthesized sounds to

an auditory assessment. As a result, this thesis not only presented the psychoacous-

tic processes essential for validating the models but also aimed at achieving a precise

modeling of vibrating panels from a perceptual standpoint.

Within the scope of this thesis, a psychoacoustic experiment was conducted in the

three sessions to assess the models used in vibroacoustic modeling of composite

panels. The modeling and simulations were subsequently confirmed through psy-

choacoustic analyses, underscoring the potential benefits of considering both vibroa-

coustic and psychoacoustic perspectives in composite panel design. To this end, a

psychoacoustic test was conducted across the three distinct sessions, each with a spe-

cific focus. One session aimed to psychoacoustically evaluate simulations performed

with mechanical excitation, another session focused on psychoacoustic assessments

of simulations using acoustic excitation, and the final session was dedicated to psy-

choacoustically determining the optimal value of the maximum frequency (i.e., the

cut-off frequency) in the simulations (see Chapter 6).

Additionally, building upon the preceding laboratory vibroacoustic experiments, we

employed a pairwise comparison approach to evaluate dissimilarities between the

recorded and simulated stimuli. Following the psychoacoustic tests for the three

sessions, we employed clustering and dendrogram analysis to identify outliers within

the participant data. Subsequently, the multidimensional scaling approach, specif-

ically INDSCAL, was employed to establish the perceptual space, accounting for

perceived distances between the stimuli. The results indicated that the simulated

stimuli closely resembled the recorded stimuli within the perceptual space. These

findings were further validated through statistical tests and confidence intervals ob-

tained from bootstrap analyses, affirming the credibility of the models from a per-
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ceptual perspective.

8.5 Composite panel design

The final mission of the thesis was primarily dedicated to the design and optimization

of vibrating composite panels, with a particular focus on their perceptual aspects.

For this purpose, we produced certain composite panel designs, building upon the

updated models we had developed earlier. Following this, a series of psychoacoustic

laboratory experiments were carried out on these designs, each possessing distinct

mechanical and geometrical properties. The meticulous examination encompassed

both the geometrical and mechanical parameters of the composite vibrating panels,

including the core shear modulus. These parameters were thoughtfully organized

and planned in preparation for the psychoacoustic testing phase, drawing upon in-

sights obtained from similar prior studies. Of particular note, all psychoacoustic

results underscored that loudness held the most significant effect on the preference

in both testing sessions. Thus, we constructed a linear model for predicting pref-

erence based on loudness. Interestingly, both independent sessions yielded similar

regression models for predicting preference associated with each design, based on

the loudness of the radiated sound. Furthermore, we delved into the correlations

between mechanical parameters and the perceptual space, as well as the preference

scores. The findings in the both sessions illuminated that the stiffness-to-mass ratio

and the loss damping factor stood out as the most influential physical parameters

among all those considered. Additionally, we introduced two regression models that

establish a connection between the preference observed in the two sessions and var-

ious mechanical parameters. Ultimately, when taking into account the preferences

expressed in both sessions for both types of excitation, and considering the stiffness-

to-mass ratio, the optimal design can be identified among all the proposed designs

(see Chapter 7).

8.6 Perspectives

Now, we can conclude the thesis by exploring various perspectives for future stud-

ies. Concerning vibroacoustic experiments, we can conduct additional laboratory

experiments using different configurations, materials, and dimensions of composite

panels under varying boundary conditions and excitations. By increasing the num-

ber of these laboratory experiments, along with obtaining further validations, we

can enhance the updated models with more measurements. For instance, in future
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studies, when considering a composite sandwich panel with CFRP face sheets or a

CFRP laminate, different layouts for constructing the composite panel layers can

be examined. So, for the joint psychoacoustic and vibroacoustic design of the com-

posite panel, different laminate layouts and their effects on perceptual dimensions,

psychoacoustic indicators, and ultimately, preference scores, can be investigated.

Additionally, concerning laboratory experiments, we can examine other types of

sandwich panels like those with CFRP face sheets and honeycomb aluminum cores,

which have numerous applications in aerospace studies. Then these panels can be

thoroughly studied in psychoacoustic assessments.

Also, in future psychoacoustic studies, the mechanical and geometrical parameters

can be tested and investigated with greater variations. In this case, it will be nec-

essary to utilize alternative techniques for assessing dissimilarity and preference to

avoid extending the test duration. Techniques like Free Sorting and SPPR methods

can prove to be helpful in such situations.

As another significant aspect to consider for future studies, we can propose the

utilization of Artificial Intelligence and Deep Learning methods for psychoacoustic

analyses of the designs. Given that psychoacoustic analyses are based on human

decisions and judgments, we can explore the possibility of modeling these human

behaviors using machine learning and deep learning techniques. However, it’s im-

portant to note that this area is still in its early stages of research, and conducting

detailed feasibility studies is necessary to provide accurate and comprehensive infor-

mation.
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nen, and T Lepistö. Vibration damping properties of steel/rubber/composite

hybrid structures. Composite Structures, 94(11):3327–3335, 2012. 5.3.1, 7.1

Amir Shahdin, Joseph Morlier, Laurent Mezeix, Christophe Bouvet, and Yves Gouri-

nat. Evaluation of the impact resistance of various composite sandwich beams by

vibration tests. Shock and Vibration, 18(6):789–805, 2011. (document), 4.2.2, 4.1,

5.3.2

Lawrence F Shampine. Vectorized adaptive quadrature in matlab. Journal of Com-

putational and Applied Mathematics, 211(2):131–140, 2008. 3.2

Christopher M Shearer and Carlos ES Cesnik. Nonlinear flight dynamics of very

flexible aircraft. Journal of Aircraft, 44(5):1528–1545, 2007. 7.3.8

RP Shimpi and HG Patel. A two variable refined plate theory for orthotropic plate

analysis. International Journal of Solids and Structures, 43(22-23):6783–6799,

2006. 2.3

Jyoti K Sinha, MI Friswell, and S Edwards. Simplified models for the location of

cracks in beam structures using measured vibration data. Journal of Sound and

vibration, 251(1):13–38, 2002. 5.1

https://www.sciencedirect.com/science/article/pii/S2214785321054614
https://www.sciencedirect.com/science/article/pii/S2214785321054614


BIBLIOGRAPHY 179

Robert R Sokal and F James Rohlf. The comparison of dendrograms by objective

methods. Taxon, pages 33–40, 1962. (document), 6.3.1, 7.3.1, 7.5

Anthony B Stanbridge, Milena Martarelli, and David J Ewins. Measuring area

vibration mode shapes with a continuous-scan ldv. Measurement, 35(2):181–189,

2004. 5.2.3

G Standoli, E Giordano, G Milani, and F Clementi. Model updating of historical

belfries based on oma identification techniques. International Journal of Archi-

tectural Heritage, 15(1):132–156, 2021. 5.1

Jun Hui Tam, Zhi Chao Ong, and Kye Wenn Ho. Composite material identification

using a two-stage meta-heuristic hybrid approach incorporated with a two-level

frf selection scheme. Journal of Sound and Vibration, 456:407–430, 2019. 5.1

Meenu Teotia and RK Soni. Applications of finite element modelling in failure

analysis of laminated glass composites: A review. Engineering Failure Analysis,

94:412–437, 2018. 2.1, 2.3

Louis L Thurstone. A law of comparative judgment. Psychological review, 34(4):

273, 1927. 7.3.3
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Appendix A

Diverse applications of composite

structures

In aerospace studies, the A350XWB stands as an exceptional example of utilizing

composite materials, which incorporates 53% composites, 19% AL/AL-Li, 14% Tita-

nium, and 6% steel of the weight. Its rear fuselage section, stabilizers, and fin/rudder

assembly are made of carbon fiber structures (see Figure A.1). Additionally, its fuse-

lage panels, frames, window frames, clips, and door are constructed using carbon

fiber reinforced polymers (CFRP), with the door frame structure featuring a com-

bination of CFRP and titanium. By incorporating these composite materials into

the A350XWB, Airbus has extended the service intervals of the aircraft from 6 to

12 years, significantly reducing maintenance costs for customers and enhancing the

aircraft’s environmental friendliness Mrazova [2013].

Today, advanced composites have played a pivotal role in various space pro-

grams, including the development of launch vehicles, the space shuttle, satellites,

space telescopes, and the International Space Station. Notably, these composites

possess exceptional qualities, surpassing the structural materials utilized during the

Apollo missions Ko et al. [2007] (see Figure A.2). The significant applications of

composite material in space studies can be found in research of crew exploration

vehicles (CEVs), and since the Apollo missions, various advanced materials like

adapted honeycomb sandwich panels have been developed for this purpose, e.g. see

Ko [2004], Ko et al. [2007].

Furthermore, considering the importance of weight reduction in modern trans-

portation technologies like high-speed trains, it becomes evident that it is an ef-

ficient strategy for reducing costs and minimizing air pollution, regardless of the

energy source used, be it oil (petrol, diesel, etc.), biofuels, electric power, or fuel
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Figure A.1: Many components of the A350 XWB, such as fuselage panels, wing, stabilizers and
fin/rudder assembly, incorporate composite materials Hexcel© [2013]

Figure A.2: a) Geometry of a candidate CEV of the Apollo capsule, and b) its double-walled
composite sandwich construction Ko et al. [2007]

cells. Furthermore, the utilization of the latest generation of composite materi-

als holds tremendous promise in achieving this objective Fan and Njuguna [2016].

Meanwhile, with the increasing speed of vehicles like high-speed trains and the op-

eration of more complex lines, the challenges posed by vehicle noises, particularly

interior noises, have escalated. The prominent noise sources in this domain include

wheel/rail noises and vibration, aerodynamic noises, and noises caused by vibration

in structural connections. The primary paths for noise transmission are airborne

sound and structure-borne sound, for instance, originating from the floor. To miti-
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gate interior noise in vehicles, it is crucial to control the noise sources and optimize

the transfer paths. For instance, Figure A.3 depicts a structural model of a compos-

ite floor in a high-speed train. Zhang et al. [2021] have used this structural model

for investigating the vibroacoustic modeling of the composite floor in high-speed

trains, as well as conducted an analysis of the contributions made by its constituent

materials for controlling the noise and vibration.

Figure A.3: The structural model of composite floor in high-speed train with different
components and different uses Zhang et al. [2021]

Another application of composite materials belongs to the modern stage of

civil industries. In the realm of civil engineering, composite sandwich panels have

emerged as a novel constructional material, finding widespread application Ding

et al. [2013]. The utilization of composite materials in building construction has be-

come increasingly prevalent, driven by the growing demand for lightweight, durable,

and cost-effective solutions. These materials are now being employed in the con-

struction of stairs, landings, balusters, banisters, as well as in the creation of facades

with intricate and aesthetically pleasing designs, addressing architectural considera-

tions. The versatility and benefits offered by advanced sandwich panels make them

ideal for contemporary industrial buildings. Notably, their ease of installation, ther-

mal insulation properties, soundproofing capabilities, and fire protection attributes

make them a preferred choice Ding et al. [2013].

Moreover, in recent decades we can also find other miscellaneous interests in

composite sandwich structures. An excellent example is the growing interest of

marine industry toward sandwich constructions, which also arises out of weight-

saving objectives, whose consequences are beneficial to the whole life cycle of marine

structures. They are commonly used in boat hulls and decks to provide us with

strength and stiffness while reducing weight. These structures are also employed to

create bulkheads and partitions within the interior of boats. In cabin interiors of
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marine vehicle, composite sandwich panels can be used for walls, ceilings, and floors,

offering acoustic and thermal insulation properties.

Moreover, these panels can be used in the fabrication of doors and hatches, pro-

viding rigidity, and resistance to marine environments. Furthermore, they find appli-

cations in floating structures such as pontoons and buoys because of their lightweight

nature and corrosion resistance. Also, they have applications to the fabrication of

ramps, walkways, and platforms for easy access to boats and ships, offering high

strength and anti-slip properties to ensure safety during embarkation and disem-

barkation. So, composite sandwich materials can benefit the modern design stage of

marine structures that will consequently lead to: fuel consumption reduction, speed

increase for a specified power, easy building procedure, improving stability and ma-

neuverability, mass reduction of building materials resulting cost and time savings

(e.g. see Palomba et al. [2022]).



Appendix B

Some results of updating

In the subsequent illustrations, we present additional outcomes derived from the

updating procedures detailed in Chapter 5. Specifically, these figures depict the

sound pressure levels measured at distances of 20cm and 100cm from the center

of the plate, comparing simulations before and after the updating procedures. As

illustrated, similar to the preceding findings discussed in Chapter 5, these figures

effectively demonstrate the impact of the updating procedures on the simulations

regarding the composite sandwich, laminate, aluminum, and steel plates.

Hence, the following visuals depict the spectra of sound pressure levels emitted by

radiating panels across the frequency range of [0, 2 kHz]. Specifically, Figures B.1

and B.2 showcase these spectra for the composite sandwich panel at distances of

20cm and 100cm, respectively. For the composite laminate panel, Figures B.3 and

B.4 display the corresponding spectra at distances of 20cm and 100cm, respectively.

Similarly, Figures B.5 and B.6 exhibit these spectra for the aluminum panel, again

at distances of 20cm and 100cm, respectively. Lastly, Figures B.7 and B.8 present

the spectra for the steel panel at distances of 20cm and 100cm, respectively.

It’s noteworthy that consistency in the updated results is apparent across all of these

results.
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Figure B.1: Comparison of Sound Pressure Levels (SPL) for the composite sandwich plate:
Simulations (before and after updating) vs. Microphone Measurements at a 20cm Distance

Figure B.2: Comparison of Sound Pressure Levels (SPL) for the composite sandwich plate:
Simulations (before and after updating) vs. Microphone Measurements at a 100cm Distance
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Figure B.3: Comparison of Sound Pressure Levels (SPL) for the composite laminate plate:
Simulations (before and after updating) vs. Microphone Measurements at a 20cm Distance

Figure B.4: Comparison of Sound Pressure Levels (SPL) for the composite laminate plate:
Simulations (before and after updating) vs. Microphone Measurements at a 100cm Distance
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Figure B.5: Comparison of Sound Pressure Levels (SPL) for the Aluminium plate: Simulations
(before and after updating) vs. Microphone Measurements at a 20cm Distance

Figure B.6: Comparison of Sound Pressure Levels (SPL) for the Aluminium plate: Simulations
(before and after updating) vs. Microphone Measurements at a 100cm Distance
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Figure B.7: Comparison of Sound Pressure Levels (SPL) for the steel plate: Simulations (before
and after updating) vs. Microphone Measurements at a 20cm Distance

Figure B.8: Comparison of Sound Pressure Levels (SPL) for the steel plate: Simulations (before
and after updating) vs. Microphone Measurements at a 100cm Distance
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Appendix C

Statistical analysis of the design

and optimization

In the following visual depictions, we illustrate distinct results derived from the sta-

tistical analysis detailed in Chapter 7 for the ten designs.

The statistical analysis has been conducted for sessions involving both mechanical

and acoustic excitation. It encompasses the analysis of dimensions of the perceptual

space, preference, and three psychoacoustic indices: loudness, sharpness, and SC,

alongside a mechanical parameter, the stiffness-to-mass ratio. The analysis entails

a linear regression with a 95% confidence interval, correlation coefficient r, and the

p value.

Figures C.1 to C.5 depict the analysis between perceptual dimensions and other

parameters for sessions featuring mechanical excitation. Additionally, Figure C.6

showcases the statistical relationship between loudness and preference within this

session. Similarly, Figures C.7 to C.10 illustrate the analysis between perceptual di-

mensions and other parameters for sessions with acoustic excitation. Furthermore,

Figures C.11 and C.12, respectively, display the statistical correlation of the pref-

erence with loudness and the mechanical parameter stiffness-to-mass ratio, in the

acoustic excitation session.

Furthermore, regarding the perceptual space in both sessions, Figures C.13 and

C.14 demonstrate the spectra of the sound pressure level for certain designs, closely

aligned along the 1st dimension of the perceptual space. These figures also reveal the

impact of the stiffness-to-mass ratio on the SPL spectra of stimuli in both mechanical

and acoustic excitation sessions (refer to Sections 7.3.6 and 7.3.7).
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Figure C.1: The statistical analysis between the sharpness and dimension 1 of the perceptual
space, corresponding to the session with the mechanical excitation

Figure C.2: The statistical analysis between the SC and dimension 1 of the perceptual space,
corresponding to the session with the mechanical excitation
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Figure C.3: The statistical analysis between the stiffness-to-mass ratio and dimension 1 of the
perceptual space, corresponding to the session with the mechanical excitation

Figure C.4: The statistical analysis between the loudness and dimension 2 of the perceptual
space, corresponding to the session with the mechanical excitation
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Figure C.5: The statistical analysis between the preference and dimension 2 of the perceptual
space, corresponding to the session with the mechanical excitation

Figure C.6: The statistical analysis between the preference and loudness, corresponding to the
session with the mechanical excitation
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Figure C.7: The statistical analysis between the stiffness-to-mass ratio and dimension 1 of the
perceptual space, corresponding to the session with the acoustic excitation

Figure C.8: The statistical analysis between the loudness and dimension 1 of the perceptual
space, corresponding to the session with the acoustic excitation
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Figure C.9: The statistical analysis between the preference and dimension 1 of the perceptual
space, corresponding to the session with the acoustic excitation

Figure C.10: The statistical analysis between the sharpness and dimension 2 of the perceptual
space, corresponding to the session with the acoustic excitation
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Figure C.11: The statistical analysis between the preference and loudness, corresponding to the
session with the acoustic excitation

Figure C.12: The statistical analysis between the preference and stiffness-to-mass ratio,
corresponding to the session with the acoustic excitation
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Figure C.13: SPL associated with Designs 5, 8, and 9 in the session with mechanical excitation.
Designs 8 and 9 exhibit the highest and lowest stiffness-to-mass ratios, respectively, while Design
5 falls in the middle. The transition from the lowest to highest stiffness-to-mass ratio corresponds
to a shift from the lowest to highest values along the 1st dimension of the perceptual space (see

Figure 7.9 and Table7.3)

Figure C.14: SPL associated with Designs 8, 9, and 10 in the session with acoustic excitation.
Designs 8 and 9 exhibit the highest and lowest stiffness-to-mass ratios, respectively, while Design

10 falls in the middle. The transition from the lowest to highest stiffness-to-mass ratio
corresponds to a shift from the lowest to highest values along the 1st dimension of the perceptual

space (c.f. Figure 7.10 and Table7.3)
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