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Preface and thesis outline



2

The Oxford University Dictionary defines the term "instrument" as "a contrivance for

producing musical sounds." In this regard, the human voice can be considered the oldest

musical instrument, dating back to the primitive vocalizations several million years ago.

The most primitive use of voice is for survival, to warn, intimidate or to locate and be

located. Vocal expression is a full sensory experience (heard but also felt) : it allows to carry

not only a very wide range of sounds (with adjustable frequency, intensity and timbre) or

meaning words to an audience, but also conveys emotions and character, which makes

it essential to our social interactions. From birth, the human voice continues to evolve

throughout life, reflecting our age, culture, habits, health and personality. The voice can

also represent an essential tool for professionals with a high vocal load, such as artists and

teachers.

Voice disorders concern everyone, and can develop at any time, even in people with no

physio-pathological predisposition. Disorders can be due to dysfunctional pathologies

ascribable to the formation of lesions on the vocal folds, i.e., two vibrating soft tissues in

the larynx essential to human phonation, to surgery sequelae for laryngeal cancer (3500

cases/year in France, 15% of total cancers), or a laryngeal paralysis. These pathologies

generate aero-dynamical and vibration perturbations. However, voice disorders can have a

far greater impact than the mere acoustic complication itself would suggest (e.g., impov-

erishment of the timbre, instability of the fundamental frequency, decrease in loudness):

beyond the alteration of speech evaluated according to purely aesthetic criteria, even

mild troubles can significantly degrade the intelligibility of its content, and thus hinder

communication with others. Pathologies are de facto very common for voice artists and

teachers (prevalence of 50% in France), and require recurrent work stoppages or even

change of career orientation (Inserm report, 2006). In the extreme case of laryngectomy

(8000 cases in France), many traumatic complications appear, among which loss of voice

and a very high psychological stress. Voice troubles have therefore a high impact on the

professional and social life of a person, on his emotions, mental and physical conditions,

and communication skills.

Regardless of the disorder, speech therapists and ENT practitioners (ear, nose and throat

surgeons) do need fundamental advances from the research community working on voice

biomechanics to gain an in-depth scientific knowledge of the mechanics of vibrating tissues,

and keep improving their therapeutic plans.

From a scientific point of view, human vocal production is highly complex topic of

study because of the many coupled physical phenomena involved, including acoustics,

aerodynamics and soft tissue biomechanics. Compared to the acquired knowledge of the

acoustic and aerodynamic characterization of the human voice since the 1970s, vocal folds

histological and biomechanical peculiarities are still little studied, and their impact on the

remarkable vibratory properties of the vocal fold remains elusive.

This gap of knowledge is ascribable to several aspects associated with the biomechanical

study of the vocal folds. Protected by laryngeal cartilages, vocal folds are hardly observable

using current medical imaging techniques, in particular ultrasound investigation techniques

commonly used in vivo. Furthermore, vocal fold reduced characteristic size (5-15 mm)

does not facilitate the design and implementation of ex vivo mechanical tests. In vitro
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phonatory system simulators exist and are made of vocal folds artificial replicas. Nonetheless,

the materials employed in these simulators often derive from homogeneous elastomers

characterized by microstructural and macroscale mechanical properties still far from those

exhibited by the native tissues. Due to these experimental limitations, the mechanical

modeling of laryngeal tissues often remains far from the physiological evidence. Very few

theoretical formulations have been proposed at the scale of the tissue fibrous constituents

(elastic, collagen and muscle fibers) so far. Yet, multiscale approaches are essential to gain

further insights into vocal folds vibro-mechanical performances, and required before any

transposition to the medical plan.

Therefore, the global objective of this thesis is to develop a micro-mechanical model of
the human vocal fold in close connection with available histological and mechanical
data acquired on vocal tissues from quasi-static to vibratory loadings. This theoretical

study intends to contribute to the development of fiber scale-based approaches so as to

better understand the link between vibrating tissues micromechanics and their macroscale

performances. The manuscript is structured as it follows:

• Chapter 1 contextualizes the work describing the physiological and physical mecha-

nisms underlying human voice production and vocal-fold vibrations in the larynx.

Voice pathologies, clinical observations, treatments and current limitations are de-

tailed. The currently acquired knowledge of the vocal-fold tissue histology and

mechanics based on experimental evidence is then reviewed. Finally, an overview of

the theoretical and numerical approaches commonly adopted to model vocal folds

biomechanics is presented.

• Chapter 2 proposes a micro-mechanical hyperelastic model able to describe the 3D

fibrous architecture and the surrounding matrices of the vocal-fold sublayers, and to

predict their mechanical behavior for key physiological loading paths, i.e., tension,

compression and shear. Regardless of the applied load, it is shown how macroscale

nonlinear, anisotropic tissue responses are inherited from original scenarios of fiber

scale micro-mechanisms. This chapter is based on an article submitted to the Journal
of the Mechanical Behavior of Biomedical Materials in 2021.

• Chapter 3 extends the micro-mechanical formulation developed in Chapter 2 to a

viscoelastic frame. Chapter 3 assesses the model ability to reproduce vocal-fold tissue

time-dependent response under a large variety of loading conditions at various rates :

not only low-frequency cyclic and multiaxial loadings upon finite strains, but also

high-frequency oscillatory shear small (SAOS) and large (LAOS) deformation loadings.

This chapter is based on an article in preparation for the Journal of the Mechanical Be-
havior of Biomedical Materials, in the continuity of the aforementioned submitted article.

• Finally, preliminary numerical developments are presented in Chapter 4. This chapter

addresses the implementation of the hyperelastic formulation detailed in Chapter 2

in a finite element (FE) code, toward 3D simulations of vocal fold transient dynamics

with relevant histo-mechanical properties.
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1 General context: human voice biomechanics 8

1.1 Human vocal apparatus

Human voice is the final outcome of a complex physiological process occurring in the vocal

apparatus, sketched in Figure 1.1, and involving various portions of the human body (i.e.
chest, neck and head). Three main components can be identified: (i) the first component is

the lungs, providing an airstream moving up to the larynx through the trachea. The lungs

serve as both a reservoir of air and an energy source, representing the "generator" of the

vocal apparatus. (ii) The second component is the vocal folds (or "vocal cords"), a pair

of soft pliable tissues located in the larynx, and representing the "vibrator" of the vocal

apparatus: influenced by the interaction with the pulmonary air being exhaled, vocal folds

can deform and vibrate, thereby leading to phonation, i.e., the production of audible air

pulse trains. (iii) Finally, the acoustic wave so generated is filtered by vocal tract resonance,

whose geometry is shaped by speech articulators (e.g., soft palate, jaw, tongue, teeth, lips)

to generate distinguishable voiced sounds, such as vowels and sonorous consonants. The

different cavities of the vocal tract, also called "resonators" or "modulators", are the third

component of the vocal apparatus.

During the production of voiced sounds, the main acoustical source is represented by

the vocal-fold vibrations, taking place in the laryngeal area. Thus, in order to better

understand the major features of human voice biomechanics, this section provides an

anatomical description of the larynx, and summarizes the current knowledge of the

phonation process.

Figure 1.1: Vocal fold apparatus. a) sketch of the main components of the human vocal fold apparatus; b)

focus on the laryngeal complex and nearby structures. Adapted from [70, 158].
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1.1.1 Anatomy of the larynx

The larynx is a mobile structure that caps the lower respiratory tract. The cavity of the larynx

is continuous below with the trachea, and above opens into the pharynx, as illustrated in

Figure 1.1 b. Typical dimensions of a human larynx range from 4 to 6 cm in length, and

from 3 to 6 cm in width. It is composed of a skeletal framework formed by a series of

cartilages interconnected through intrinsic ligaments and fibroelastic membranes, moved

by a number of muscles, and joined to surrounding structures through extrinsic ligaments

and membranes (see Figure 1.2, Figure 1.3 and Figure 1.4). The hyoid bone is also attached

to the larynx (see Figure 1.3 a) though it is usually regarded as a separate structure with a

distinctive functional role. Each component is better detailed in the following sections.

Cartilages

Cartilage is a tough, durable form of supporting connective tissue. The firm consistency

allows to bear mechanical stresses without permanent distortion. Within the laryngeal tract,

cartilages form the supporting framework for softer tissues [189]. Three large unpaired

cartilages (cricoid, thyroid and epiglottis) and three pairs of smaller cartilages (arytenoid,

corniculated and cuneiform) can be distinguished.

• Cricoid – The cricoid cartilage is the most inferior of the laryngeal cartilages, located

just above the first tracheal ring, thereby encircling the laryngeal airway, as shown in

Figure 1.2 a. It is shaped like a ring, made of a broad lamina posterior to the airway

and a narrower arch circling anteriorly [80]. The posterior surface of the lamina is

characterized by two shallow depressions separated by a vertical ridge (see Figure 1.2

b), where is attached the esophagus. The cricoid cartilage has also two articular facets

for articulation with the arytenoid and thyroid cartilages, as displayed in Figure 1.2.

• Thyroid – The thyroid cartilage is the largest of the laryngeal cartilages. It is bigger,

albeit thinner and weaker than the cricoid cartilage. It is formed by a right and a

left lamina, widely separated posteriorly, but converging and joining anteriorly, as

shown in Figure 1.2 c and d. The most superior point of the conjunction between

the two broad and flat laminae stands for the laryngeal prominence, more commonly

known as the "Adam’s apple". The laminae posterior borders are prolonged to form

a superior horn and an inferior horn. The medial surface of the inferior horn has a

facet for articulation with the cricoid cartilage.

• Epiglottis – The epiglottis is a leaf-shaped cartilage located in the upper part of the

larynx (see Figure 1.1 b and Figure 1.3 a). It is attached by its stem to the posterior

aspect of the thyroid cartilage, and projects postero-superiorly from its attachment

to the thyroid cartilage. The epiglottis constitutes the front cover of the laryngeal

cavity: the primary function of the epiglottis is to close the larynx entrance when

swallowing, preventing food from passing into the respiratory tract.
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Figure 1.2: Illustration of the cricoid and thyroid cartilage from a anterolateral, a) and c), b) posterior and

d) superior view, respectively. Adapted from [70].

• Arytenoids – The paired arytenoid cartilages are pyramid-shaped cartilages with three

surfaces, a base and an apex, as depicted in Figure 1.3 b and c. They are located

posterior to the laryngeal cavity on the cricoid ring: the base is concave and with

a smooth surface for articulation with the upper border of the cricoid lamina. The

anterior angle of the base is elongated into a so-called "vocal process", to which

the vocal ligament is attached (see Figure 1.3 d and details below). Accordingly, the

mobility of the arytenoids cartilages, along with that of the cricoid cartilage by means

of appropriate laryngeal joints (crico-arytenoid and cricothyroid joints) [264], plays

a primary role in regulating vocal folds movements and, thereby, controlling voice

production (see Figure 1.5).

• Corniculate and cuneiform – The corniculate cartilages are two small conical cartilages

that articulate with the apices of the arythenoid cartilages, prolonging them postero-
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medially (see Figure 1.3 b). Cuneiform cartilages are two small club-shaped nodules

of elastic cartilage lying anteriorly to the corniculate cartilages. These cartilages do

not actively participate to phonation, and are therefore of minor importance.

Ligaments

The cartilaginous skeleton of the larynx is joined to the surrounding structures by means

of extrinsic ligaments. It is also interconnected through intrinsic ligaments and fibroelastic

membranes, of which the thyrohyoid and quadrangular membranes, together with the

conus elasticus, are the most significant (see Figure 1.3 a, b and d). The thyrohyoid membrane

is external to the larynx, whereas the paired quadrangular membranes and conus elasticus
are internal (see Figure 1.3 c). The named ligaments are the median cricothyroid ligament,

the hyo-epiglottic and the cricotracheal ligament (see Figure 1.3 a and Figure 1.3 c).

Muscles

The combination of the larynx skeletal framework and corresponding membranes and

ligaments is moved by the laryngeal muscles. The latter can be differentiated into extrinsic

and intrinsic muscles.

• Extrinsic muscles – Extrinsic muscles are external to the laryngeal complex, connecting

the larynx to neighboring structures (i.e., sternum, hyoid bone, pharynx). Accordingly,

these muscles are not actively involved in the voice production process. Neverthe-

less, they are of major importance in regulating the larynx overall mobility during

phonation and swallowing, particularly along the inferosuperior and anteroposte-

rior directions, and can, thereby, affect the pitch and the quality of the voice. This

category includes the paired sternohyoid, thyrohyoid, omohyoid muscles as well as

the sternothyroid, stylohyoid and mylohyoid muscles (as secondary muscles in the

phonation process, their actions will not be detailed here).

• Intrinsic muscles – Conversely, intrinsic laryngeal muscles are responsible for internal

configuration changes of the larynx, and represent the main actuators of vocal folds

mobility (e.g., they adjust tension in the vocal ligaments, control the inner dimensions

of the vestibule and facilitate the closing of the laryngeal inlet). Intrinsic laryngeal

muscles are illustrated in Figure 1.4. Among them, the most important with regards

to voice biomechanics are :

⊲ Cricothyroid – Cricothyroid muscles are attached to the anterolateral aspect of

the cricoid cartilage arch, and extend, superiorly and posteriorly, to connect to

the thyroid cartilage (see Figure 1.4 a). They are responsible for forward and

downward rotations of the thyroid cartilage at the cricothyroid joints (see Figure

1.5). These actions lengthen the vocal folds, affecting, therefore, the pitch control

of phonation.
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Figure 1.3: Illustration of the extrinsic and intrinsic ligaments and membranes: a) extrinsic ligaments of the

larynx; b) the cricothyroid ligaments; c) the quadrangular membrane; d) a superior view of the fibroelastic

membrane of the larynx. Adapted from [70].

⊲ Posterior and lateral crico-arytenoid – Posterior crico-arytenoid muscles arise

from the posterior surface of the cricoid cartilage laminae, and converge on the

muscular processes of the arytenoid cartilages, as shown in Figure 1.4 b. These

muscles abduct and externally rotate the arytenoid cartilages, being thereby the
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primary abductors (separators) of the vocal folds.

The lateral crio-arytenoid muscles originate from the upper border of the cricoid

cartilages archs, and insert on the muscular processes of the arytenoid cartilages.

As opposed to the posterior crico-arytenoid muscles, lateral crico-arytenoid

muscles internally rotate the arytenoid cartilages. These actions shorten and

adduct (close) vocal folds.

⊲ Transverse and oblique arytenoid – The transverse arytenoid (or interarytenoid)

muscle is a single unpaired muscle bridging the distance at the back of the

larynx between the two arytenoid cartilages (see Figure 1.4 b), helping to fully

close the glottis during the vocal-fold adduction process (see Figure 1.5).

The oblique arytenoid muscles extend from the superior facet of the arytenoid

cartilages muscular processes to the apex of the arytenoid cartilages on the other

side. Oblique arytenoid muscles can restrict the laryngeal inlet by narrowing

the distance running between the arytenoid cartilages and the epiglottis.

⊲ Thyro-arytenoid and vocalis – The thyro-artenoids are broad flat muscles lying

lateral to the larynx fibroelastic membrane and the laryngeal saccules. They are

attached to the lower half of the thyroid cartilage, anteriorly, and posteriorly to

the cricothyroid ligament (see Figure 1.4 b and c). On account of their broadness,

they act as a sphincter of the vestibule. Moreover, these muscles contract the

laryngeal inlet by pulling the arytenoid cartilages and simultaneously pulling

the epiglottis toward them. The lower and deeper portion of the thyro-arytenoid

muscle is better known as the vocalis muscle. This latter bundle is simply

considered by some authors as a deeper portion of the thyro-arytenoid, and by

others as a distinct and separate muscle. The vocalis is parallel with, and just

lateral to, the vocal ligament. Its contractions have the effect of shortening the

vocal folds, increasing their thickness, along with their stiffness, having a role in

the pitch control of the voice [248, 250, 253].

In conclusion, laryngeal intrinsic muscles can be grouped into three categories, based

on their functions. The posterior and lateral cricoarytenoids and oblique and transverse

arytenoids drive the degree of abduction and adduction of the vocal folds. The cricothyroids,

posterior cricoarytenoids (the obliquity of their surfaces leads to an overlap in functions),

thyroarytenoids and vocalis regulate the length and tension of the vocal folds. The last

group of muscles includes the oblique arytenoids and thyro-arytenoids as modifiers of the

laryngeal inlet.

1.1.2 Vocal folds and phonation

Vocal folds are two soft pliable structures placed in the laryngeal cavity, i.e., a hollow

tubular complex lined by mucosa extending from the laryngeal inlet down to the lower

border of the cricoid cartilage (see Figure 1.6 a). By the term vocal fold, it is made reference
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Figure 1.4: Laryngeal muscles: a) cricothyroid muscle; b) crico-arytenoid, oblique and transverse arytenoid,

and vocalis muscles; c) thyro-arytenoid muscle. Adapted from [70].

to the set of the vocal ligament, the thin laryngeal mucosa firmly overlying the former,

and the muscular outermost portion of thyroartenoid and vocalis muscles (the detailed

histological properties of the vocal folds are described in section Section 1.3.1). The glottis
refers to the space area between vocal folds. The amplitude of the glottal space is around 3

mm. The characteristic size of human vocal folds ranges (in length) approximately between
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Figure 1.5: Illustration of the cricothyroid joints movements. Adapted from [70].

1.25 cm and 1.75 cm for females, and between 1.75 cm and 2.5 cm for males. Children’s

vocal folds are much shorter than those of adults. Vocal folds can be stretched up to 3-5

mm along the antero-posterior direction.

Depending on the physiological context (respiration, effort closure, swallowing or phona-

tion), vocal folds geometrical configuration and dimensions are adjusted as illustrated in

Figure 1.7:

(i) At rest, during quiet respiration, the laryngeal inlet, vestibule and vocal folds are

wide open. The glottis is triangular Λ-shaped: the arytenoid cartilages are abducted,

positioned well apart from each other to permit breathing. During forced inspiration,

the arytenoids rotate laterally consequently to the action of posterior crico-arytenoid

muscles. As a result, the vocal folds are abducted and the glottis widens into a

rhomboid shape, significantly increasing the opening of the laryngeal airway.

(ii) Effort closure of the larynx occurs when air is retained in the thoracic cavity to

stabilize the trunk (e.g., during heavy lifting). Throughout effort closure, the glottis

remains completely closed. The result is to totally and firmly shut the airway.

(iii) When swallowing, the glottis is severely closed and the laryngeal inlet is considerably

narrowed. Additionally, the larynx moves up and forward. This action causes the

epiglottis to swing toward the arytenoid cartilages to effectively close (or narrow)

the laryngeal inlet. The latter up and down movement of the larynx also opens the

esophagus. The combination of all these actions prevents solids and liquids from

entering the airways.

(iv) To finally produce a voiced sound, the arytenoid cartilages and the vocal folds come

together to close the glottis in a "pre-phonatory" position. Consequently, the air

flowing from the lungs encounters an obstruction along its path, and tries to make its

way by deforming the tissues and pushing against the closed glottis to pass it through.

Tension inside the vocal folds (adjusted by the vocalis and cricothyroid muscles),
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Figure 1.6: Laryngeal cavity: a) posterolateral view (left) and cut away (right) of the laryngeal cavity; b)

illustration and labeled photographs of the laryngeal inlet from a superior view. Adapted from [70].

as well as their elasticity, opposes to the glottal opening. This action generates an

increase in the subglottal pressure (air pressure in the infraglottic area) until it reaches

a threshold value, named the phonation treshold pressure (PTP) or the oscillatory

"onset" pressure. This threshold is required to balance the closure of the glottis and

let the pulmonary airflow pass through [257]. The resulting re-opening of the glottis

induces a new release of the subglottal pressure, yielding to the combination of three
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competitive mechanisms: the airflow from the trachea tends to keep the glottis open,

whereas the Bernoulli effect, produced by the gradient of pressure between the folds

[258], as well as their elastic recoil, recalls them back so as to close the glottis until the

onset pressure is attained once again. Under appropriate geometrical, aerodynamic

and mechanical conditions, these mechanisms are periodically repeated, resulting in

self-sustained vocal-fold vibrations.

Therefore, contrary to the case of the heart, such oscillations do not result from any

periodic muscle activity: laryngeal muscles drive the vocal-fold stretching, adduction

and abduction, but their periodic self-sustained oscillations emerge from “passive”

fluid/structure interactions between the airflow and the vocal-fold tissue. The vocal

folds can be seen as a system of nonlinear and coupled oscillators, able to bifurcate

toward complex regimes of vibration, responding to gradual variation of geometrical

(e.g., their distance or mean glottal width), mechanical (e.g., their stiffness) and

aerodynamical (e.g., air pressure) parameters. In vivo, vocal folds are subjected to

numerous complex and coupled 3D mechanical loadings, experienced upon finite

strains at various strain rates: longitudinal tension and compression mainly due to

laryngeal muscular contraction, transverse compression as a result of aerodynamic

forces and vocal-fold collisions, as well as longitudinal and transverse shear arising

from oscillatory motion and frictional contact mechanisms [54, 191].

To provide an order of magnitude, the fundamental frequency of vocal-fold vibrations,

𝑓0, can vary from 50 to 1500 Hz and relates to the tonal pitch: usual speech frequencies

can range between 140 and 240 Hz for females and from 100 to 150 Hz for males [98,

160]. Indeed, differences in vocal fold length and thickness result in different vocal

pitches: adult male voices are usually lower-pitched than female voices due to longer

and thicker folds. Additionally, genetic factors cause variations between members of

the same sex, categorizing the different voices into voice types. The intensity of the

produced sound corresponds to the amplitude of the wave, and is rather related to

the subglottal pressure, which can vary between 300 and 3600 Pa on average [131].

Finally, vocal folds can exhibit numerous patters of vibration as well as degrees of

collision, which is rather associated to perceptual differences in voice quality.

Despite the small size, human vocal folds own remarkable vibro-mechanical perfor-

mances allowing them to generate an outstanding range of sounds compared to that of

a musical instrument. These performances, unique in the human body, are possible

due to three major properties of the vocal-fold tissue at the macroscale: (i) the ability

to endure large reversible deformations during phonation, typically varying between

10–50% stretch during a glide or intonational variations. The elastic recoil takes place

in spite of the periodic collisions and 3D multiaxial mechanical stresses the vocal folds

are subjected to; (ii) the ability to vibrate with a fundamental frequency of less than 50

Hz to more than 1500 Hz (mean values of 125, 210 and 300 Hz in men, women and

child speech, respectively). This frequency range is significantly higher than that of

other biological oscillators (e.g., heart and respiratory frequency, at and below 1 Hz,

respectively); (iii) the ability to adapt its vibro-mechanical response to external loading
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Figure 1.7: Vocal fold configurations and role during (i) quiet and forced respiration; (ii) effort closure; (iii)

swallowing; (iv) phonation. Adapted from [70].

conditions, generated by the vocal-tract resonators, and environmental changes (i.e.,
temperature, humidity). Typically, vocal-fold vibrations occur at 37°C and 100% of

relative humidity, and gradually stop as the tissue’s upper mucosa dries out at ambient

conditions.

1.2 Clinical motivations

Like other tissues in the human body, vocal folds can be subjected to many infections,

tumors and trauma, resulting in possible tissue damages. The main vocal-fold lesions
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are presented below, together with the current therapeutic options and limitations. This

clinical background points out the need for further in-depth research on the fundamental

processes driving human phonation.

1.2.1 Vocal-fold lesions

Due to their multiple physiological functions (e.g., voicing, breathing, swallowing) and

their specific anatomical location in the aero-digestive tract, vocal folds are repeatedly

exposed to a number of injurious stimuli. In fact, they commonly withstand phonotrauma

(e.g., periodic collisions, vocal abuse, for instance excessive throat clearing, coughing,

screaming or yelling, or vocal misuse, i.e., improper use such as speaking very loudly or at

an abnormally high or low pitch), chemical trauma (e.g., smoke and pollutants inhalations,

alcohol, gastroesophageal reflux) and non-phonatory mechanical trauma (e.g., intubation,

microsurgery). Congenital predisposition to malformations of the laryngeal complex is an

other possible cause for vocal-fold lesions.

Despite marked self-healing properties [31], the vocal-fold tissue can be damaged past

a critical threshold of injury, leading to mild or severe lesions. Most frequent vocal-fold

lesions are classified as benign lesions (often due to phonotrauma) or cancerous lesions,

also called carcinomas (often due to chemical trauma) [231]. These tissue lesions come along

with multiple voice disorders, ranging from dysphonia (loss of normal vocal function, i.e.,
hoarseness, breathiness, voice with multiple tones, loss of vocal range) or aphonia (i.e.,
inability to produce voiced sounds) in case of benign lesions, up to severe complications

and the negative impact they have on the quality of life (dyspnea, i.e., shortness of breath, or

dyshagia, i.e., difficulty in swallowing) for cancerous lesions. Dysphonia, for instance, occurs

when injury-induced changes in the tissue composition and biomechanics prejudice vocal

fold posturing and mucosal wave initiation/propagation [21, 225]. In addition to vocal

dysfunction, patients may also experience frequent coughing, throat clearing or general

fatigue. According to conservative estimates, dysphonia is considered to affect 28,000,000

people in the US only [260].

• Benign lesions – The most frequent benign vocal-fold lesions include nodules, polyps,

Reinke’s edema and cysts, illustrated in Figure 1.8 a-d. In general, benign lesions are

characterized by a structural disruption and thickening of the tissue, vascular changes

and alterations in the tissue composition [102].

Vocal-fold nodules, sometimes addressed as singer’s nodules or nodes, are small and

hard callous-like growths, developing in pairs in the midpoint of the vocal folds (one

nodule on each vocal fold, see Figure 1.8 a). They are occasionally associated with

abnormal blood vessels. Women between the ages of 20 and 50 years old are more

prone to vocal-fold nodules, but both men and women can be affected by them.

Vocal-fold polyps are different from nodules because they can occur on either one or

both vocal folds. They tend to be more vascularized than nodules, thus appearing

reddish in color (see Figure 1.8 b). Polyps can vary in size and shape but are usually

soft growths, larger than nodules, and resemble blisters.
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A different type of vocal fold polyp, termed polypoid corditis or Reinke’s edema, is

associated almost exclusively with smoking [111]. It is a polypoid degeneration of one

or both vocal folds within Reinke’s space (superficial layer of the fold, beneath the

epithelium), denoted by a swelling of the subepithelial space.

Finally, vocal-fold cysts are growths characterized by a sac around a fluid-filler or

semisolid center (see Figure 1.8 c).

• Cancerous lesions – An estimated 10,000 cases of vocal-fold cancer are diagnosed each

year in the US. Most cancer experts agree that vocal-fold cancer likely starts as small

areas of abnormal cells (dysplasia) undergoing sequential changes, that ultimately

lead to the development of a cancer. Pre-cancerous lesions may appear as a white

or red plaque on the vocal fold, whereas cancers themselves are often larger and

thicker than the precancerous lesions. A case of carcinoma is illustrated in Figure 1.8

e. Research suggests that removing pre-cancerous lesions may reduce the risk of

developing cancer. Cancerous tumors are life threatening if not caught and treated in

their early stage. Hopefully they are highly curable and detectable by the appearance

of hoarseness (general term describing abnormal voice changes), induced by the vocal

fold lesion, that often prompts early evaluation. Other symptoms include chronic

sore throat, cough that can bring up blood, sensation of something stuck in the throat

or more generally difficulties in breathing and swallowing.

Figure 1.8: Vocal fold lesions. Schematic portrays and/or real case pictures of vocal folds a) nodule; b)

polyp; c) cyst; d) laryngitis and e) carcinoma. Adapted from [262, 263].
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Expected duration of the pathology varies according to the nature of the lesion. Non-

cancerous lesions generally do not go away, they must be treated. Vocal-fold nodules can

last a lifetime without changing the vocal abuse, they can even come back after therapeutic

treatment. With proper voice training instead, they can disappear within 6 to 12 weeks.

Vocal fold polyps, with rest, sometimes go away on their own within a few weeks. Most,

however, have to be treated. Cancerous tumors must be treated as soon as possible to

prevent the cancer from spreading. Current therapeutic options are described hereafter,

along with possible complications.

1.2.2 Therapeutic treatments and limitations

Depending on the diagnosis (cause, severity of symptoms, time from the onset of symptoms,

location, size etc.), the most indicated and effective therapy may include one or a combination

of the following treatments.

• Voice therapy – Voice therapy aims at correcting ill-adapted vocal fold gestures through

manual laryngeal manipulation, exercises or other activities to strengthen vocal folds,

improve breath control during speech, prevent abnormal tension in surrounding

muscles and protect the airway during swallowing. This technique relies on a strong

know-how of the practitioners, expecting a continuous insight into fundamental

phonatory biomechanics to improve their clinical plans.

• Laryngeal (micro)surgery – Surgical invasive options consist in bulk injections (with a

substance such as body fat, collagen or other approved filler substances), vocal-fold

re-positioning, partial or complete cordectomy (i.e., excision of the vocal-fold lesion

or resection of the damaged tissue) [215], tracheotomy (i.e., incision in the front of the

neck, creating an opening into the trachea bypassing vocal folds), and even partial

or total laryngectomy (i.e., partial or total removal of the entire larynx, including

the vocal folds) for late-stage cancers. The main objective of vocal-fold cancer treat-

ments is to completely remove or destroy the cancerous growth while preserving

as much normal tissue and function as possible. In fact, removing portions or all

of a vocal fold can clearly have profound effects on voice quality and swallowing.

After total laryngectomy, people need to learn a new speech method, using a spe-

cial valve inserted surgically between the trachea and the esophagus. This allows

air to be sent up the esophagus, creating enough vibrations for understandable speech.

• Radiation and chemotherapy – Radiation is the primary treatment for some early-stage

laryngeal cancers: it uses high-energy X-rays or particles to destroy cancer cells and

prevent them from spreading, shrinking the tumor. Although radiation treatment

technology has significantly improved over the years, doses of radiation needed for

definitive treatment of vocal-fold cancer may sometimes lead to long-term voice and

swallowing problems. Nonetheless, studies have shown that people who are treated

with radiation tend to live longer and exhibit less voice problems. If the cancer is

small, it can often be destroyed by radiation and surgery is not needed. This can help
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to preserve better voice quality. This therapy is essential for people who are too sick

to undergo surgery or chemotherapy. Radiation or cordectomy are usually enough to

treat most glottic cancers unless there is evidence that the treatment might not have

cured the cancer (e.g., finding cancer cells at the edge of the removed tumor). If more

treatments are needed, many times chemotherapy is given at the same time as the

additional radiation. This combination, called chemoradiation, often works better

than radiation alone but it also has more side effects. Alternatively to cordectomy,

laser surgery is a viable solution to excise the tumor. Some voice normally remains

after these procedures. In worst cases laryngectomy is still required.

Complications of invasive surgical operations may result in vocal-fold scarring (fibrosis),

possibly leading to inconsistent results and, in worst cases, to the loss of phonatory

abilities. Scarring is the most common cause of dysphonia after vocal-fold surgery [110,

268]. Functional consequences include compromised mucosal wave generation and glottic

incompetence, as well as incomplete closure of the vocal folds during adduction [153].

Recent studies have examined histological changes after vocal fold scarring in various

animal models observing that scars are related to alterations of the tissue superficial layers

fibrous structure [127]. Nonetheless, while invaluable experimental models, it should be

noted that all animal species exhibit substantial differences in phonatory ability, tissue

structure and composition with respect to humans. Dealing with these post-operative

complications, alternative restorative solutions have been deemed and investigated over

the last decades and are still subjects of ongoing research:

• Biomaterials – Biomaterials implantation consists in the injection of a biomaterial

into the injured vocal-fold tissue, especially to correct its geometrical configuration

(e.g., increase its bulk, medialize its position and improve glottal closure [224]).

Critical factors in the proper selection of injectable materials concern injections site,

material stability/degrability and mechanical properties. Early investigations for

vocal-fold injection were on Teflon and silicone [7, 151]. The long-term efficacy of

these materials, primarily injected into the vocalis muscle, is generally limited by

foreign body response, implant migrations and inflammations [71, 198]. More recent

vocal fold augmentation studies focus on the use of biologically derived materials

with intrinsic degradability and mechanical properties closely resembling those of

the native tissue [145, 153]. Even though the vocalis represents the most frequently

adopted injection site, many superficial applications of collagen, fat and fascia directly

injected in the mucosa have been equally investigated [30, 83, 217]. Chan and Titze

evaluated a variety of materials used in vocal fold augmentation (e.g., crosslinked

collagen, fat, gelatin, Teflon) and demonstrated that solutions of native hyaluronic

acid (HA) most closely approximate the shear properties of the human vocal muscosa
[42, 43]. This is not surprising considering that HA influences a number of tissue

properties relevant to phonation (e.g., shock absorption, space filling and viscosity).

Despite these promising results and improvements in anatomical structure and vocal

function, current limitations include potential resorption necessitating either initial

over-injection or repeated injections [224].
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• Regenerative therapies – Researchers are showing growing interest in approaches to

the treatment of vocal fold injuries based on principles of regenerative medicine

(tissue engineering) [99, 162]. The aim of these therapies is to support functional

recovery of normal vibratory behavior and phonatory capability by inhibiting the

progression of the wound healing process to scarring, and to restore the natural tissue

mucosa composition and biomechanical properties. In continuity with prior studies

on injectable biomaterials, major efforts are addressed to the development of scaffolds

closely approximating the native tissue biomechanics and that may be introduced by

minimally invasive techniques [166, 167]. Several studies have shown that HA plays

a critical role in determining the shear properties of the vocal mucosa, leading it to

be the most widely investigated scaffold material for regenerative applications [78,

79]. Additional regenerative therapies are cell transplantation [17, 184], to replace

dysfunctional cells and regenerate the injured tissue, and the delivery of soluble

bioactive molecules to enhance the efficiency of the healing process [52]. However,

these latter techniques may trigger tumor formation and development, related studies

towards human in vivo applicability are therefore still in progress and limited to in
vitro employments.

In conclusion, regardless of the vocal-fold lesion, it is clinically observed that the tissue’s

mucosa, made of collagen and elastin reinforcements embedded in a matrix of hyaluronic

acid, represents the major critical site of the vocal-fold damage process. This results in the

systematic alteration of the mucosa’s fibrous microstructure, which comes along with

a dysfunction of the tissue macroscale vibro-mechanical performances. Therefore, an

in-depth knowledge of the vocal-fold fibrous microstructure and multiscale mechanics

impact on its vibratory performances would, from a clinical perspective, facilitate the

prevention, identification and understanding of voice disorders, and provide a tangible

guidance for improved treatments.

1.3 Vocal-fold tissue histology and mechanics : acquired
knowledge from experimental evidence

This section presents a review of the vocal-fold multiscale structural and mechanical

properties acquired knowledge based on experimental evidence. The state-of-the-art is

followed by a summary of current limitations to be addressed in order to better understand

the relationship between the vocal-fold tissue histo-mechanical characteristics and its

vibratory properties, as described in Section 1.1.2.

1.3.1 Histological features

Adult vocal folds are known to possess a specific lamellar mesostructure made of three

major layers, as displayed in Figure 1.9: an epithelium covered by mucus, a lamina propria



1 General context: human voice biomechanics 24

(made in turn of three sublayers), and a stratified muscle (thyroarytenoid or vocalis). A

general description of each vocal-fold layer is provided in the following.

• Epithelium – By contrast with the laryngeal epithelium, being mainly a ciliated,

pseudostratified respiratory epithelium, the vocal-fold most external layer is a thin

(approximately 50-60 𝜇m thick) non-keratinized, stratified squamous epithelium (see

Figure 1.9 a and b). It is composed of closely aggregated polyhedral cells adhering

firmly to each other, and to a thin layer of extracellular matrix (ECM). This represents

a significant histological variation, conceived to protect the tissue from the mechanical

stresses acting on the vocal folds surface (e.g., dynamic impacts ascribed to vocal-fold

collisions, abrasion and desiccation from rapid air movements).

• Lamina propria – The lamina propria is a 1-3 mm-thick loose connective tissue just

underneath the mucosal epithelium. At birth, the lamina propria consists of a single

layer of cells. It becomes a bilaminar structure by 2 months of age. Three sublayers

are established by 7 years of age [112] (see Figure 1.9 b). The most superficial sublayer

constitutes, together with the epithelium, the so-called "mucosa". It is a nearly 500

𝜇m-thick connective tissue consisting of loose collagen and elastic fibers barely

attached to the underlying layers: this specific arrangement produces a sort of space

comparable to soft gelatine and called "Reinke’s space". The intermediate and deep

sublayers of the lamina propria are both about 1-mm thick tissues, primarily made up

of elastic and collagen fibers respectively. These two sublayers collectively form the

"vocal ligament".

The three sublayers of the lamina propria are characterized by distinct fibers’ type,

density and waviness. While the concentration of the fibrous components is observed

to gradually increase from superficial to deep sublayers [176], the fiber waviness

typically decreases [15]. On a first approximation, the 3D fibrous networks in the

lamina propria commonly exhibit a pronounced orthotropy with a preferential ma-

jor orientation along the antero-posterior direction, and minor and intermediate

orientations along the inferosuperior and mediolateral directions, respectively [15]

(see Figure 1.10). The lamina propria, as a whole, significantly contributes to the

tissue’s "passive" biomechanical properties (stiffness, elasticity, viscosity) and to the

regulation of its water content.

• Vocalis – The deepest layer of the vocal fold is primary made of the inferior thyroary-

tenoid muscle or vocalis muscular fibers. These fibers are mainly aligned along the

antero-posterior axis, exhibiting a rather transverse isotropy structure [15]. The vocalis
represents the most voluminous portion of the vocal fold tissue with a thickness of

approximately 7-8 mm [250]. This layer is responsible for the tissue "active" contractile

properties. The inertia and stiffness of the vocalis vary according to the degree of

contraction required to reach a given phonatory posture (e.g., shortening, increasing

the vocal-folds thickness).

For the sake of simplicity, the vocal-fold multi-layered arrangement is often considered as a

bi-layered "body/cover" structure [117, 236, 252]: (i) the "body" gathers the deepest lamina



1 General context: human voice biomechanics 25

propria’s sublayer, together with the vocalis; (ii) the "cover" includes the lamina propria’s

superficial and intermediate layers, together with the epithelium. This concept, generally

used to model the vocal-fold vibrations (see Section 1.4.1), suggests that the vocal fold can

be regrouped into two tissue layers with different histological and, therefore, mechanical

properties (see Section 1.3.2).

Figure 1.9: Histology of the human vocal-fold tissue: a) coronal view illustration of the laryngeal cavity

and its mucous membrane distribution; b) vocal folds structure at (left) low and at (right) high power, stained

with Movat’s pentachrome stain. At higher magnification, the deeper yellow staining of the collagen in the

deep layer of the lamina propria compared to the superficial layer indicates a higher degree of cross-linking.

Adapted from [94].

A further description of the lamina propria and vocalis microstructure isolated constituents

is provided hereafter.

Within the lamina propria – The main components of this connective tissue are cells and the

extracellular matrix (ECM). Cells are mainly responsible for the production of the ECM

components (e.g., fibroblasts, myofibroblasts) and bring a minor mechanical contribution

compared to that of the ECM. The ECM consists instead of different combinations of protein

fibers (collagen, reticular and elastic fibers) and amorphous ground substance [172] :

• Collagen is the most abundant protein in the human body, representing 30% of its

dry weight. A family of 28 collagen types exists in vertebrates, numbered following

the identification order [84]]. They are categorized according to their microstructure

and, thus, function they cover to ensure different roles. In the vocal folds, six types of

collagen are reported to be found : Type I, Type II, Type III, Type IV, Type V and Type

VI [96, 105, 244]. While types from IV to VI are associated to the epithelial portion [96,

244], types I, II and III are observed within the lamina propria [176]. Yet, collagen Type
I and Type III are the most abundant categories, and majorly contribute in terms

of mechanical properties. Collagen I is considered to have a thicker structure and
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Figure 1.10: Micro-imaging of human vocal fold at rest: a) plastinated vocal folds and MRI imaging carried

out by Klepacek et al. [147]; b) typical images of elastic and collagen fibrils networks provided by Miri et al.
(different colors refer to different imaging modalities: two-photon fluorescence, red, and second harmonic

generation, green) [192]; c) 3D reconstruction of a vocalis sample imaged by synchrotron high-resolution

X-ray micro-tomography (left), 2D histological photomicrographs prepared with Reticulin stain (black-violet:

collagen fibers; orange: muscle fibers; pink: epithelium) reported by Bailly et al. [15] (right); d) geometrical

descriptors obtained from previous X-ray synhcrotron imaging: 3D orientation map of the collagen and

elastin fibrous network in the lamina propria (left), statistical characteristic size of muscular fibers in the vocalis
[15] (right). Adapted from [15, 147, 192].
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a higher resistance to traction compared to Type III [84]. Collagen fibers are often

grouped into larger aggregates, bundles, packaged and linked together (mean fiber

diameter from 1 to 20 𝜇m). At lower scales, collagen fibers themselves constitute

assemblies of collagen nanofibrils gathered and interconnected by proteoglycans

[85], as displayed in Figure 1.11 a. Within the lamina propria, higher levels of collagen

are found in male vocal folds than in female’s, for both the cover and the ligament [47]).

• Reticular fibers mainly consist of collagen Type III, forming an extensive network

(reticulum) of thin (diameter 0.5-2 𝜇m) fibers for the support of many different cells

and are therefore often assimilated to collagen fibers.

• Elastic fibers are thinner than Type I collagen fibers. They form sparse networks

interspersed with collagen bundles in many human organs [100], particularly those

subjected to regular stretching or bending. As the name suggests, elastic fibers display

rubber-like properties allowing biological tissues to be stretched and reversibly return

to their original shape [3, 62, 172] and therefore conferring them a high mechanical re-

silience. Furthermore, elastic fibers are made of fibrillin (350 kDa), forming a network

of microfibrils (10 nm in diameter) embedded in a cross-linked elastin larger mass

(60 kDa) [195, 214]. Both proteins are secreted from fibroblasts and give rise to elastic

fibers in a stepwise manner: fibrillin fibrils are assembled around the amorphous

structure of elastin to form the ultimate elastic fiber [126, 261]. The amount of elastin

within the vocal folds is considerably high (8.5% of the total proteins) compared

to that of other elastic structures (e.g., human skin, 3% of the total proteins) [104,

109]. Although the contribution of elastin to the vocal-fold mechanics still remains

elusive, such high content possibly explains their remarkable self-healing properties,

fundamental to recover from the large-strains and cyclic loadings endured by the

tissue during phonation.

• The ground substance of the ECM is a highly hydrated (with much bound water)

complex mixture, comprising three major kinds of macromolecules: proteoglycans,

glycoproteins, and glycosaminoglycans (GAGs). Water in the ground substance is

referred to as interstitial fluid, and has a composition similar to that of blood plasma.

Filling the space between cells and fibers in connective tissues, the ground substance

allows diffusion of small molecules and, on account of its viscous nature, acts as both

a lubricant and a barrier to the penetration of intruders. Physical properties of the

ground substance also profoundly influence various cellular activities.

Proteoglycans and glycoproteins are both hybrid components consisting of core

proteins covalently attached to various numbers and combinations of polysaccharide

chains [95]. The principal proteoglycans include aggrecan, decorin, fibromodulin and

perlecan, whereas the most important glycoproteins are the fibroconnectin and the

laminin. These interstitial molecules play different roles within the lamina propria but

mainly act as biological filters [95]. In defiance of taking part to structural preservation

of the tissue, proteoglycans and glycoproteins molecules are deemed to bring a minor

mechanical contribution [95].
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GAGs are long polymeric chains of repeated disaccharide units. The largest and

most ubiquitous GAG is hyaluronic acid (also called hyaluronan or hyaluronate).

Hyaluronic acid (HA) forms a viscous, pericellular network that binds a considerable

amount of water, favoring molecular diffusion through the connective tissue, and

lubricating various organs and joints in the body [157, 159, 267]. Conversely to

previous interstitial molecules, HA primarily contributes to the preservation of the

tissue 3D structure [113, 157]. Within the lamina propria, due to its viscous nature, HA

also acts as a shock absorber, damping the energy transfer produced by collisions

and aerodynamic loadings acting on the glottal surface, thereby protecting the inner

portion of the tissue [46]. Finally, HA levels are found approximately three times

greater in men than in women [35, 109].

Within the vocalis – In the human body, muscle tissue is the fourth "basic" tissue type with

epithelia, connective tissues and nervous tissue. It is composed of cells that optimize the

property of contractility: actin microfilaments and associated proteins generate the forces

necessary for the muscle contraction, driving movements within organ systems of the

body as a whole. Three types of muscular tissue (i.e., skeletal muscle, cardiac muscle and

smooth muscle) can be distinguished on the basis of their morphological and functional

characteristics, the structure of each being adapted to its physiological role.

In particular, skeletal (or striated) muscles, as the vocalis, are made up of muscle fibers
(also called “muscle striated cells” or “rhabdomyocytes”), which are long, cylindrical multi-

nucleated cells with diameters of 10-100 𝜇m [163, 172] (see Figure 1.11 b and Figure 1.10 c).

During embrionic muscle development indeed, myoblasts fuse forming myotubes with

many nuclei. More particularly, the vocalis muscle is prevalently composed of Type II cells

(white muscular fibers, also called "fast" muscle cells, as opposed to Type I or "slow" muscle

cells) [119, 230]. Individual muscle fibers seldom extend from one end of a muscle to the

other. Bundles of muscular fibers, termed fascicles, make up a functional unit in which

the fibers work together. The single muscle fiber is in turn highly organized, containing

primarily long cylindrical filaments called myofibrils that run parallel to the long axis of the

fiber and constitute the basic rod-like unit of a muscle fiber [118, 163, 172] as represented in

Figure 1.11 b. Finally, as in all other muscles (and specifically in skeletal ones), intramuscular
connective tissue (primarily made of collagen) is also found within the vocalis. Thin layers

of connective tissue called epimysium, perimysium and endomysium surround and organize

the muscular contractile fibers and fascicles, as sketched in Figure 1.11 b . Such connective

tissue aims at transmitting the mechanical forces generated by the contracting muscle to

surrounding cells/fibers.

1.3.2 Tissue mechanical behavior

By contrast with many soft tissues (e.g., arteries, skin), vocal folds are not easily reachable in
vivo by any medical 3D imaging techniques, due to their surrounding protective cartilages.

Gold standard techniques used for their direct visualisation (high-speed cinematography,

videostroboscopy) only provide partial 2D views of the vocal-fold superior plane (see
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Figure 1.11: Hierarchical multiscale assembly of a) collagen and b) muscle fibrous architectures. Collagen

fibrils assemble and are linked together in larger collagen fibers that often form into larger aggregates bundled

and linked together by other collagen. Vocalis muscle is composed of large, elongated, multi-nucleated fibers

with cross-striations. It is enclosed within a thick layer of dense connective tissue (epimysium) and contains

several fascicles of muscle fibers, each wrapped in a thin but dense connective tissue layer (perimysium).

Within fascicles, individual muscle fibers are surrounded by a delicate connective tissue layer (endomysium)

and contain several parallel bundles called myofibrils. Adapted from [26, 189].
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Figure 1.8 for instance). Besides, the actual mechanical loadings applied on the tissue

are hardly measurable in vivo. Thereby, it is very delicate to perform any quantitative

biomechanical measurements under physiological in situ conditions. Alternatively, the

mechanical properties of the vocal tissue have been mainly investigated on excised vocal

folds so far. Acquired ex vivo data are reported hereafter, first at the scale of the vocal-fold

tissue (or that of its constitutive layers), then at the scale of its main micro-constituents.

Tissue and layers scale (macro, meso)

Quasi-static loadings – Previous authors have mostly characterized the vocal-fold tissue’s

mechanical response under quasi-static loadings, focusing on its "passive" nonlinear and

anisotropic stress-strain response [47, 51, 54, 68, 93, 143, 148, 190]. Within this category, two

types of experiments were conducted on human or animal dissected vocal folds over the

last decades:

• "Structural" mechanical tests performed on 3D excised (hemi)larynges, where vocal

folds are still connected to their original anatomical environment (thereby closer

to the native tissue physiological conditions). These tests generally yielded to 3D

deformation fields of the vocal-fold superficial layer, in response to static tensile local

forces [69].

• "Material" mechanical tests, more frequently performed on thin membranes excised

from the vocal folds. These tests mainly consist in uniaxial tensile tests or aspira-

tion/indentation tests, leading to in-plane stress-strain responses or maps of local

elastic moduli respectively, ranging from a few kPa up to few MPa according to

the applied level of strain and loading direction [47, 143, 148, 190, 254, 275]. Typical

stress-strain curves and evolution of tangent moduli during loading are illustrated in

Figure 1.12 a, in the case of several vocalis samples subjected to a cyclic tensile test in

the longitudinal direction [53].

These prior studies point out the progressive strain-stiffening response of the tissue

stretched along its longitudinal direction (antero-posterior axis), as well as its typical

hysteretic behavior during load-unload tensile sequences. Even if vocal folds strain-induced

microstructural evolution is still to be characterized experimentally, the tensile J-shaped

stress-strain behavior is often attributable to the progressive deployment, and corresponding

mechanical contribution, of wavy collagen fiber bundles. The stress hysteretic behavior

observed during cycling is instead often postulated to be ascribable to viscoelastic effects

related to structural rearrangements of the tissue. Comparing uniaxial tensile responses of

the tissue’s different sublayers, the vocal ligament was found to be stiffer than the cover for

males, but quite the opposite was observed for females [47]. These studies additionally

highlight the significant inter- (due to age and gender-related differences notably) and

intra-subject variability of the obtained mechanical responses (see Figure 1.12 a), as for

other soft living materials [37].

Recently, Cochereau et al. [54] extended the aforementioned mechanical database char-

acterizing the cyclic and finite strain behavior of the lamina propria and vocalis layers of
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human vocal folds under multiaxial loadings: the same tissues were successively subjected

to tension, compression and shear to minimize the inter- and intra-individual variability.

Nonlinear mechanical tendencies were observed for all loading conditions: a J-shape strain

stiffening response under longitudinal tension and transverse compression, albeit far less

pronounced in shear, stress accommodation and stress hysteresis regardless of the loading

mode. Furthermore, recorded stress levels during longitudinal tension (i.e., along the fibers

preferential direction) were measured much higher for the lamina propria than for the

vocalis. Nevertheless, lamina propria and vocalis responses under transverse compression as

well as transverse and longitudinal shear were reported to be of the same order of magnitude.

Dynamic loadings – Vocal-fold mechanical properties time-dependency equally plays a major

role, accounting for the dynamic stimuli the tissues are subjected to during phonation. In

this respect, significant contributions focusing on dynamic loadings were brought by Chan

et al. [40, 41, 44, 47] over these last decades. They characterized the viscoelastic properties

of human vocal folds under shear loading, so as to better understand the "mucosal wave"

propagation on the vocal fold surface during self-sustained oscillations [44, 95, 248].

They used both parallel-plate rotational [44] and simple-shear rheometers [41]. Typical

measurements are reported in Figure 1.12 b and c, displaying the evolution of vocal-fold

covers major dynamic viscoelastic quantities measured along the longitudinal direction (i.e.,
dynamic elastic and viscous shear moduli G’, G”, damping ratio 𝜇 = 𝐺′′/𝐺′

, and dynamic

viscosity 𝜂 = 𝐺′′/𝜔, 𝜔 being the pulsation), as a function of the oscillation frequency

(initially from 0.01 up to 15 Hz [44], later up to 300Hz [41]). For decades, measurements

were carried out at, and limited to, small-strain amplitude oscillatory shear (SAOS). They

were only recently extended to large-amplitude oscillatory shear (LAOS) testing [40] (see

Figure 1.12 c).

These former studies show that dynamic moduli are increasing (resp. decreasing) nonlinear

functions of the applied level of frequency (resp. strain), while the dynamic viscosity

decreases monotonically with the frequency (i.e., shear thinning behavior). More specifically,

modulus G’ was observed to be lower than G” at lower frequencies, until reaching a "cross

over" point at about 50 Hz. In the frequency range before the crossover point, called the

terminal region, G’ is lower than G”, with the specimens demonstrating a fluidlike response

dominated by their viscous properties. In the frequency range after the crossover point,

called the rubbery region or plateau region, G’ is higher than G”, indicating predominantly

elastic properties in the specimens, a characteristic of viscoelastic solids. In other terms,

the damping ratio 𝜉 was found above 1 at lower frequencies (< 50 Hz), suggesting that

the vocal fold cover was, on average, overdamped over this terminal region. Conversely,

at higher frequencies, in the rubbery region the damping ratio was regularly below 1,

meaning that the vocal fold cover remained underdamped such that oscillations could be

readily sustained during phonation. An intersubject variability of an order of magnitude

was finally observed, partially reflecting age-related and gender-related differences.
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Figure 1.12: Macroscale mechanical characterization of the vocal-fold tissue: a) experimental strain-

controlled micro-press device adopted by Cochereau et al. [54] (left) to obtain vocalis muscle tensile longitudinal

stress-strain curves and moduli (right); b) dynamic storage modulus (left) and viscosity (right) measured

at low audio frequencies by Chan and Titze [44] by means of a controlled-stress parallel-plate rotational

rheometer; c) controlled-strain simple-shear rheometer system (top) used to acquire SAOS dynamic moduli

(frequency varied between 1 and 250 Hz at 1% deformation) [41] (bottom left), later extended to obtain LAOS

stress-strain curves [40] (bottom right). Adapted from [40, 41, 44, 54].
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Micro-constituents scale (micro)

To the author’s knowledge, there are hardly any data on vocal folds mechanics at the

microscopic scale available in the literature. Although micro-mechanical characterization

remains rather delicate, even for ex vivo conditions, there are nevertheless a few studies on the

elementary constituents of other biological tissues or biomaterials. The acquired knowledge

of collagen, elastin, muscle fibrils/fibres and HA (all major vocal folds microscopic

components) mechanics is summarized below:

• Collagen fibrils – The mechanics of collagen at the fibrillar scale has been extensively

characterized using atomistic modeling [90], atomic force microscopy (AFM) [238, 239,

259, 273], micro-electromechanical systems (MEMS) [73, 233, 234], nanoindentation

[9] and X-ray diffraction testing [228] (see Figure 1.13). Gautieri et al. [90] reported a

recapitulation of isolated solvated collagen fibrils different viscoelastic descriptors

extrapolated from several authors’ experiments (e.g., Young’s modulus, viscosity,

relaxation modulus and time). These data are reported in Figure 1.13 e.

• Elastin – Due to the extensive cross-linking, elastin is nearly insoluble, and thus,

structural information about elastin fibers remains limited. Nonetheless, Guthold et
al. [103] report elastin fibers to have a Young’s modulus of about 1 MPa and a large

failure strain of 150%.

• HA – Bulk HA elastic and loss moduli were measured under quasi-static loading

conditions by Heris et al. [115], using a controlled stress rheometer at room temperature,

and compared to that of a hybrid HA/Ge hydrogel as displayed in Figure 1.14. Results

show HA storage moduli ranging from 30 to 50 Pa and lower viscous moduli not

exceeding 5 Pa.

• Muscular fibers – It was recently shown that human muscle fibers exhibit different

passive mechanical properties when compared to those of muscular bundles, which

contain a connective tissue matrix layer (i.e., perimysium) that individual fibers do not

(see Figure 1.15 b). Bundles display a larger nonlinear stress at a given strain, whereas

single fibers often demonstrate a highly linear response. By comparing mechanical

data obtained from a group of dissected individual fibers to that of a fiber bundle,

Ward et al. [266] showed that the modulus nonlinear increase is attributable to the

mechanical properties of the ECM. It was additionally found that the stress-strain

curves nonlinearity and modulus magnitude considerably increase across the fiber,

bundle, fascicle, and whole muscle size scales (see Figure 1.15 c).
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Figure 1.13: Micro-mechanical characterization of collagen fibrils: a) simplified schematic of the AFM

set-up used by Svensson et al. [238] (top) to measure single collagen fibrils modulus at two deformation rates

[239] (bottom); b) representative schematic of the MEMS mechanical testing device adopted by Shen et al.
[233] (top) to characterize the viscoelastic relaxation-modulus-time behavior of individual collagen fibrils

(bottom); c) direct comparison of the Young’s modulus obtained for solvated single collagen microfibrils

featuring various experimental results and the authors’ atomistic model [90]; d) representative AFM results

(detected force F versus tip-sample separation 𝛿 and Gaussian distribution of the elastic modulus) provided

by Asgari et al. [9]; e) summary proposed by Gautieri et al. [91] of several experimental and computational

studies aimed at characterizing solvated collagen fibrils viscoelastic properties. Adapted from [9, 90, 91, 233,

238, 239].
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Figure 1.14: Viscoelastic micro-mechanical characterization of bulk HA and HA/Ge composite network.

Solid and dashed pink lines: elastic and viscous modulus of the bulk HA; solid and dashed dark blue lines:

elastic and the viscous modulus of the composite. Adapted from [115].

To sum up the advances and limitations on vocal-fold histology and biomechanics over

the last decades regarding:

• Vocal-fold histology: Since the 2010s, a few authors have started to investigate

the microscopic collageneous fibrous microstructure of the vocal fold tissue

at rest, opening a new insight into voice biomechanics. The standard staining

techniques commonly used to investigate vocal-fold histology were extended and

completed by new 3D (sub)micro-imaging techniques, such as micro-magnetic

resonance imaging (MRI) [49, 116, 147], mutiphoton nonlinear laser scanning

microscopy (NLSM) [141, 192], optical coherence tomography (OCT) [88, 149,

185], high resolution synchrotron micro-CT [15], and laboratory nano-CT [141].

These techniques allowed to better characterize the vocal-fold tissue layers

hierarchical architectures in the undeformed state, and to determine some

microstructural descriptors of their fibrous networks, such as 3D orientation

maps, fibers’ characteristic size and topological shape.

• Vocal-fold biomechanics: The mechanical database acquired by several authors

over the last twenty years shows how vocal-fold tissue layers behave as many other

soft living tissues subjected to finite strains, i.e., exhibiting nonlinear viscoelastic

and anisotropic tendencies, strain hardening and strain rate sensitivity, stress

hysteresis and accommodation. These macroscopic features are known to be

related both to their inner gel-like ground substances and oriented fibrous

architectures which, based on the applied loading mode and direction, are

differently reoriented, deformed and more generally rearranged.

However, to date, the acquired knowledge of such macro-, meso- and microscale

rearrangement occurring under relevant physiological loadings remains elusive. Several

hypotheses are therefore often put forward to explain how macroscopic observed trends

are inherited from lower scales constituents and mechanisms: concerning the lamina
propria ECM, it is often acknowledged that the fibrous collagen proteins provide vocal

folds with the structural framework required to bear tensile solicitations experienced
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Figure 1.15: Scaling of passive mechanical properties in muscular fibers: a) photomicrograph of samples at

the single fiber, fiber bundle and fascicle scale; b) comparison of collagen content (%) and titin molecular

weight (Da) measurements using TA, EDL and ED2 at different muscular scales; c) passive stress-strain

curves for TA, EDL and ED2 at different muscular scales. Adapted from [266].

during phonation. Elastin proteins are instead considered to confer elasticity and

resilience, allowing vocal folds repeated stretching and subsequent passive recoil.

Finally, it is often speculated that HA and other interstitial proteins of the ground

substance, interacting with the neighboring fibers, contribute to the regulation of the

tissue viscosity [95, 96]. Regarding the vocalis, the exact role played by collageneous

and muscular fibrous network in its overall mechanical behavior is still unclear and

therefore often left aside.

In conclusion, based on the available experimental evidence, the currently acquired

knowledge is still not sufficient to understand the underlying relationship existing

between the vocal tissues histo-mechanical characteristics and their remarkable vibro-
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mechanical properties.

1.4 Biomechanical modeling

As detailed in the previous sections, although the continuous progress made in 3D

(sub)micro-imaging and a rich biomechanical database collected over the last twenty years,

the quantitative characterization of human vocal folds remains a rather challenging task.

In particular, the characterization of their 3D fibrous architecture and the strain-induced

evolution of their meso/microstructural parameters still represents an active research

topic.

Based on these experimental limitations, since the 1970s, various theoretical and numerical

models of the vocal-fold mechanics have been developed to understand the fluid-structure-

acoustic interactions that occur during glottal vibrations [5]. Among these models, two

formulations are usually proposed, depending on the scale they focus on: macroscopic
approaches, conceiving the vocal-fold tissue as fully homogeneous or as an assembly

of homogeneous sublayers, and multiscale approaches accounting for the presence of a

heterogeneous microstructure.

1.4.1 Macroscopic approaches

Most of the physical models of phonation rely on macroscopic approaches, assuming a

vocal tissue made of homogeneous layers with phenomenological mechanical properties

(with linear or nonlinear, time-(in)dependent constitutive laws). These models are normally

grouped into two main categories: lumped element models of vocal folds and continuous

models. Each category is further detailed in the following.

Lumped element models

Since the 1970s [82], lumped element models (or multi-mass models) represent the

most classical and popular approach to study the vocal-fold flow-induced vibrations,

characterized by relatively low mathematical complexity and computational cost. The

fundamental idea is to divide the vocal-fold tissue into small portions of masses, coupling

the neighboring masses via springs and viscous dampers (dashpots). Depending upon the

number of masses (n), the model may represent simple low-dimensional self-sustained

oscillations of the vocal folds [82] or more complex vibrations with many oscillatory modes

[150]. The movement of these masses can be free (three dimensions of translations, three

axes of rotation) but it is more generally limited to either one or two directions in translation,

and at most one possibility of rotation. The global approach is based on the coupling

between partial differential equations (PDEs) to describe the airflow inside the glottis, the

"vocal-fold" structural vibrations, and the acoustic field in the trachea and the vocal tract,

under simplified assumptions (e.g., quasi-steady and incompressible glottal flow described
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Figure 1.16: Vocal fold lumped element models: a) and b) illustrate schematics of one-mass models

with 1 [82] and 2 [2] DF respectively; c) and d) display schematics of 1 DF two-mass stationary [170] and

nonstationary [269] models; (e) shows a schematic representation of a full three-dimensional nonstationary

multi-mass model of the vocal fold tissue [271]. Adapted from [2, 82, 170, 269, 271].
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by Bernoulli’s equation). In order of increasing complexity, i.e., with an increasing number

of degrees of freedom, the mechanical behavior of the vocal folds during phonation is

simulated using one-mass models (n = 1), two-mass models (n = 2) or multi-mass models

(n > 2):

• One-mass models – One of the simplest models of the vocal fold is a one-mass system

with a single degree of freedom (DF), initially introduced by Flanagan and Landgraf

[82], adopted and extended by a significant number of other authors [188, 247, 249].

A schematic representation of the model is shown in Figure 1.16 a. The vocal-fold

vibrations are modeled using a single mass-spring oscillator with a damping driven

by the airstream flowing from the lungs. In this case, self-sustained vibrations are

predicted by the model only if the acoustical coupling with the vocal tract is triggered.

Conversely, the model does not reproduce the vertical phase difference, required for

efficient flow-induced oscillation. Furthermore, the presence of a viscous damping

term makes steady-state motion possible. Adachi and Yu [2] modified the aforemen-

tioned model to make it vibrate both parallel and perpendicular to the airflow (see

Figure 1.16 b). Different elastic properties could also be accounted for along the two

directions of oscillation [10, 11].

• Two-mass models – In 1972 Ishizaka and Flanagan [133] introduced a two-mass system

developed for speech synthesis purposes. This model remains a gold-standard in the

literature, able to simulate the core mechanisms driving vocal-fold vibrations such as

the phase shift of vocal folds lower and upper edges, enabling the energy transfer

from the airstream to the vocal folds [101]. The latter mechanism can be modeled by

conceiving each fold with two coupled oscillators (see Figure 1.16 c). In the native

model, the two vocal folds were assumed to be identical and to move symmetrically

with respect to the glottal midline.

Since the 1970s, however, various extended versions of this model have been developed

and proposed. In particular, the elastic and damping properties of the vocal tissue

were changed from linear to nonlinear functions of the displacement and velocity,

respectively. Asymmetry, in vocal-fold geometrical and/or mechanical properties,

was also progressively introduced [60, 134, 235]: in this case, upper and lower mass

differential equations of the motion remain identical, but the left and right vocal

folds become asymmetric, yielding to different motions. Geometrical and mechanical

parameters (mass, stiffness), kept constant in the early versions of the model, were

also modified to account for time-dependency [269], as sketched in Figure 1.16 d.

Therefrom, although rather simple at first glance, two-mass models allow to explain

many observed experimentally phenomena (e.g., the ability to simulate register

changes, vibration onset-offset patterns, vocal folds asynchronous motion yielding to

nonstationnary oscillations, subharmonic vibrations, biphonation, i.e., two-frequency

oscillations, chaotic phenomena in pathological or singing voices, etc.) [14, 60, 81, 169,

170, 205, 226, 235, 269]. Despite their simplicity and efficiency, the major shortcom-

ing of two-mass models remains the lack of direct correlation between the model

mechanical parameters and the physiological ones (e.g., between the stiffness of the

springs and the effects of vocalis contraction) [5].
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• Multi-mass models – Generalizations of the previously mentioned models can be

obtained by combining one or two DF one-mass systems with two-mass systems,

where each mass has one DF. Yang et al. [271] applied this principle to a five-mass

system where each mass has three DF (see Figure 1.16 e): not only lateral and

longitudinal, as it was already the case in 2D models, but also vertical vibrations.

This kind of approach is certainly the most appropriate as it accounts for the

tridimensionality of vocal folds vibrations. The collision impact force is additionally

included in the model. The influence of the aerodynamic force, generating the

3D mass elements oscillations, is equally investigated. The Bernoulli-type driving

force, produced by the glottal flow, not only depends on the subglottal pressure but

also on vocal folds geometrical configuration. The resulting model allows therefore

the 3D visualization of human vocal folds vibrational regimes for both symmetric

and asymmetric configurations. Finally, a nonstationary multi-mass model of the

vocal folds with two DF and time-dependent parameters, related and optimized to

vocal-fold extracted vibrations, was proposed by Wurzbacher et al. [270].

Continuous models

Aside from multi-mass models, continuous models have been developed since the early

2000s to account for structures and geometries closer to vocal-fold morphology (e.g.,
multilayered structure). This kind of approach is aimed at resolving all the physical details

involved in the phonation process in space and time. Therefore, in these models, the PDEs

of the flow, structural mechanics, acoustic fields and their relative couplings have to be

solved numerically, mostly using the finite element method (FEM). Different possible

continuous models approaches are presented hereafter in order of increasing complexity:

• 2D geometries – A first 2D FEM continuum model was proposed by Alipour et al.
for the computation of the vocal-fold vibrations [4], as illustrated in Figure 1.17 a.

The mechanical field was discretized with finite elements, whereas the fluid forces

were modeled using the Bernoulli’s approximation. The comparison between a

Bernoulli and a 2D Navier-Stokes solver is addressed by de Vries et al. [265] for a

hemilarynx geometrical configuration. Thomson et al. used a hemilarynx continuum

mechanical model to study the onset of the self-sustained vocal fold oscillations. They

showed that a cyclic variation of the glottis profile from a convergent to a divergent

shape is a key factor to establish self-sustained vocal-fold oscillations [245]. The first

fluid-structure interaction (FSI) model with fully resolved flow computations was

probably developed by Luo et al. [171], using a 2D realistic geometry and applying an

immersed boundary (IB) method.

• Modeling of glottal collision – A critical problem of FEM continuum models is to

account for the periodic contact between the vocal folds. Different strategies can be

employed with this respect. One of the first structural models encompassing vocal

folds contacts was proposed by Alipour et al. [4]: each FE node of the vocal-fold
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Figure 1.17: FE models of the vocal fold tissue: a) 2D FE vocal-fold mesh (dark, light grey and white

respectively represent the vocal-fold body, cover, and ligament) proposed by Alipour et al. [4]; b) 3D FE

model problem formation in the undeformed configuration used by Gunter [101] to calculate the initial

conditions for glottal closure (top, arrows indicate direction and location of the applied subglottal pressure),

problem solution in the deformed configuration (bottom); c) geometrical diagrams (coronal cross section and

isotropic view) and mesh of the FE vocal-fold model adopted by [57]; d) 3D FE model of the human larynx

and vocal-fold tissue developed by Vampola et al. [256]. Adapted from [4, 57, 101, 256].
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surface reaching the symmetry plane looses one DF. Horáček et al. combined a Hertz

formulation, to implement glottal contact, with a low DF model for the simulation

of vocal-fold oscillations [124, 125]. Tao et al. considered a collision model within a

strongly coupled fluid-structure algorithm to better simulate the interactions process

[243]. The augmented Lagrangian method was used as contact algorithm in their

self-oscillating 3D model. Rosa et al. [223] proposed a full flow-structural mechanical

model adopting a similar approach: when contact is detected, a force is computed to

prevent the concerned nodes from interpenetration. The major challenge in modeling

FSI computations using volume discretization methods, among which the FEM, is to

ensure that there are no zero-volume (3D) or zero-area (2D) elements [5]. This can be

achieved by enforcing a minimum gap between vocal folds in contact formulations [63,

171]. Zheng et al. coupled a sharp-interface IB method flow solver with a FEM solid

dynamics solver for 2D and 3D problems. A penalty coefficient method introduced

by Belytschko [20] was conversely implemented to model vocal-fold contact.

• 3D geometries – Fully 3D coupled FEM simulations analyzing human phonation are

still particularly challenging, even disposing of current computing resources. A first

3D FE fluid-solid coupled model was proposed by Rosa et al. [223], accounting for

a contact-impact algorithm and assuming that the laryngeal tissue is transversely

isotropic and divided into three layers (vocal cover, ligament and body). More recently,

a 3D FE model of the human larynx was developed by Vampola et al. [256], based

on computer tomography (CT). It includes the modeling of the laryngeal cartilages

(aryenoids, thyroid and cricoid), as displayed in Figure 1.17 d. This latter model

is fully parametric: vocal folds geometry can be conveniently modified, enabling

tuning or optimization procedures to find proper model geometric and material

parameters related to the considered vocal-fold vibratory peculiarities. Furthermore,

the model was particularly developed to account for numerical simulations of vocal-

fold vibrations with collisions. Nonetheless, the model is not suitable to predict the

onset of the periodic oscillations: the self-sustained vibrations are instead simulated

employing a prescribed intraglottal pressure given by a periodic function in the

time domain. Such intraglottal pressure is generated by a 2D aeroelastic model of

the vocal-fold vibrations [124, 125]. Regarding the tissue biomechanics, vocal folds

are modeled as a three-layered structure, composed of the vocal cover, ligament

and vocalis muscle, owning transversely isotropic elastic properties. Results report

a computed vibratory motion qualitatively similar to the patterns obtained from

experimental studies, with trajectories of the vocal folds closely resembling those

measured on excised larynges excited by the airflow rate. Furthermore, vocal-fold

tissue predictions during the phonatory regime highlight a triaxial stress state: any

stress components (periodically changing in magnitude and direction) can therefore

be neglected. This clearly points out the heterogeneous multiaxial solicitations the

vocal-fold tissue is subjected to during physiological vocal-fold vibrations. More

specifically, maximum stress levels were detected in the ligament close to the vocal

folds surface, decreasing with the tissue depth, during both the opening and closing

phase of the glottis.
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1.4.2 Multiscale formulations

All the physical models of phonation examined so far rely on macroscopic phenomenological

approaches, assuming a vocal tissue made up of homogeneous sublayers with quasi-linear

elastic and, often, transverse isotropic material properties. Thereby, these approaches

leave aside vocal folds fibrous microstructure and histo-mechanical characteristics, though

responsible for their complex mechanical behavior (e.g., nonlinearity and multiscale

structural rearrangements, distinct degree of anisotropy within different layers, time-

dependent behavior) [44, 54, 143, 193]. This is a striking backwardness compared with the

amount of studies carried out on the micro-mechanics of other biological tissues [38, 122,

128].

Figure 1.18: Multiscale modeling of the vocal-fold tissue: a) and c) represent schematic representations of

the micro-mechanical constitutive models developed and proposed by Miri et al. [194] and Zhang et al. [275],

respectively; b) and d) illustrate corresponding stress-strain predictions. Adapted from [194, 275].

Since the 2010s, however, a few authors have started to model the collageneous fibrous

microstructure of the vocal folds, opening a new insight into voice biomechanics [143,

191, 193, 194]. These formulations were supported by recent advances in the experimental

characterization of collagen at the fibrillar level, as described in Section 1.3.2. Therefrom,

first fiber-scale formulations started focusing on the development of nonlinear hyperelastic
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and anisotropic constitutive models to simulate the tensile J-shaped response of the

vocal-fold tissue. In this regard, two pioneer studies are:

• Kelleher et al. [143] proposed a microstructurally-informed model of the vocal-fold

ligament, based on the reference formulation developed by Gasser, Ogden and

Holzapfel (the so-called "GOH model" [89]) and adjusted on uniaxial tensile data.

Interstitial proteins were accounted for using an incompressible, isotropic neo-

Hookean formulation, while the fibrous proteins were modeled using an exponential,

anisotropic, hyperelastic stress potential. The collagen fibers dispersion was described

by a statistical orientation function acquired from 2D microscopic data obtained on

the vocal ligament using second-harmonic generation imaging [192]. Beam theory

was finally used to predict the fundamental frequency of phonation as a function of

the model constitutive and microstructural parameters.

• Miri et al. [194] suggested a geometrical idealization of the collagen fibrils multi-

strand rope-like ply structure within the lamina propria as shown in Figure 1.18 a [29,

200]. Using classical rope mechanics, they computed a hyperelastic function able to

describe the deployment of crimped fibrils. The model parameters were fitted based

on morphological and mechanical data from porcine vocal folds, owning a structure

rather similar to that of human vocal folds [104, 105]. However, it should be noted that

human vocal folds display more regularly oriented collagen and elastin networks

compared to those of porcine vocal fold, characterized instead by a more randomly

distributed structure [192]. In conclusion, this model highlighted the mechanical

contribution of the helical structure of collagen to the nonlinear elasticity of the vocal

tissue under tensile loading (Figure 1.18 b).

These promising microstructure-inspired studies present, however, some drawbacks: inter-

actions between ECM components were neglected despite the density of the considered

fibrous media; the evolution of non-collageneous ECM proteins (e.g., elastin fibers) was

excluded from the models formulation; they exclusively focused on quasi-static and uniaxial

tension, leaving therefore aside the coupled multiaxial and dynamic solicitations vocal

folds are subjected to in vivo.

To account for vocal folds time-dependent behavior, several histology-inspired formula-

tions were proposed to predict vocal-fold tissue viscoelastic properties (e.g., [45, 275, 277]).

In particular, Zhang et al. [275, 277] proposed a 1D rheological constitutive model of the

vocal cover reflecting the molecular interactions between fibrous and interstitial proteins.

As represented in Figure 1.18 c, the model considers various parallel material networks:

one hyperelastic time-independent equilibrium network, in parallel with one (or two)

time-dependent inelastic network(s). Ogden’s hyperelastic formulation [202] was therefore

coupled with viscoplastic flow rule(s) [22, 23] and adjusted to simulate the large-strain

time-dependent tensile behavior of the human vocal-fold cover. The model parameters

were varied to take into account the age- and gender-related effects and to establish a link

between the tissue constitutive properties and the histological structure of the lamina propria.

More specifically, the authors tried to correlate the relative densities of collagen and elastin
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fibers with the model constitutive parameters [107, 108]. The model was finally shown able

to predict the fundamental frequency of phonation (FFP) expected for different genders

and ages (see Figure 1.18 d). However, no specific assumptions were made with regard to

the real physical contribution of collagen, elastin or interstitial protein molecules to any of

the networks considered in the model. The role played by each microstructural component

of the vocal-fold tissue in the FFP regulation could therefore not be interpreted.

In conclusion, since the 1970s, multi-mass models of the vocal folds provide an elegant

and qualitative description of the fluid/stucture/acoustic interactions taking place

during human phonation. As reduced order models, they are able to encompass

the dominant modes of glottal vibrations. However, they are necessarily limited to

simple brick-shaped geometries and the identification of their model parameters

(geometric, mechanical, aerodynamic) with respect to physiological data often remains

a challenging task.

FEM approaches represent instead, since the early 2000s, a suitable approach to account

for complex boundaries, driving forces, collision problems and coupled multiphysical

phenomena. Nevertheless, a significant obstacle to accurate numerical simulations

of human phonation is the scarcity of tissues available biomechanical data due to

experimental limitations. To reduce the number of independent parameters to deal

with, current finite element models are often based on various assumptions regarding

the tissue biomechanics (i.e., linear elasticity, planar displacement, incompressibility).

Since the 2010s, a few authors have started to model the vocal-fold tissue collageneous

fibrous microstructure and their nonlinear anisotropic mechanical behavior. These

approaches are very promising to gain an in-depth understanding of the underlying

correlation between the vocal folds histological features and their unique vibro-

mechanical performances. Nonetheless, these theoretical formulations at the fiber

scale need to be further developed, validated and extended to dynamical loadings as

endured by the vocal tissue during phonation.

1.5 Conclusion

This first chapter introduced the global context of the work, recalling the current knowledge

of human phonation, vocal-fold histology and biomechanics.

Succinctly, phonation is the final outcome of a highly complex multi-physical process

occurring in the larynx. There, vocal folds are one centimeter-scale soft pliable vibrating

structures, subjected in vivo to numerous complex and coupled 3D mechanical solicitations

(tension, compression and shear), experienced upon finite strains and at various strain

rates. Each vocal fold can be thought as a lamellar structure composed of a mucosal

epithelium, the lamina propria, composed of collagen and elastin microfibrils’ networks,

and the vocalis muscular layer. The link between these histological characteristics and

vocal-fold tissue vibro-mechanical performances still remains an open question. This is



1 General context: human voice biomechanics 46

mainly ascribable to their challenging experimental characterization: vocal folds fibrous

architectures are not easily observable in vivo; ex vivo mechanical tests are scarce and

complex to interpret. Consequently, most of the vocal-fold mechanical models developed

so far (low-order multi-mass and high-order continuum FEM) rely on phenomenological

macroscopic approaches, coarsely assuming a homogeneous vocal tissue with (transverse)

isotropic quasi-linear elastic properties. Since 2010, a few authors have started to investigate

and model the vocal-tissue collageneous fibrous microstructure, accounting for the tissue

anisotropy, heterogeneity and mechanical nonlinearity at different spatial scales, opening

a new insight into voice biomechanics. Nonetheless, these models present the following

drawbacks and should be therefore further developed: (i) they lack of any direct experi-

mental validation at multiple scales; (ii) they adopt time-independent formulations that

are not suitable to capture the complex mechanics of vibrating tissues; (iii) they exclusively

focus on quasi-static and uniaxial tension loading conditions, leaving aside the coupled

multiaxial and dynamic solicitations endured by vocal folds in vivo.

Thereby, the present work proposes an innovative micro-mechanical model of the vocal-fold

tissue based on recent histo-mechanical evidence, suitable to account for vocal fold layers

fibrous architectures and surrounding matrices, and able to predict their multiscale and

time-dependent behavior accordingly. The manuscript is structured as it follows. Chapter

2 presents a first hyperelastic formulation idealizing vocal-fold sublayers (i.e., lamina
propria and vocalis) 3D fibrous architectures and surrounding matrices and capable of

predicting their mechanical behavior for key physiological quasi-static and multiaxial

loadings (i.e., uniaxial tension, compression and shear) upon finite strains. Chapter 3

extends this micro-mechanical formulation to a viscoelastic frame and assesses the model

ability to reproduce sublayers time-dependent response, not only at low-frequency cyclic

and multiaxial loadings upon finite strains, but also over a wide spectrum of frequencies.

Chapter 4 finally addresses the implementation of this model in a finite element code,

toward 3D simulations of vocal fold transient dynamics with relevant histo-mechanical

properties. Concluding remarks on obtained results and model limitations, as well as

recommendations and future perspectives, end the manuscript.





2
A micro-mechanical model for the soft
fibrous tissues of vocal folds

This chapter is based on an article submitted to the Journal of the Mechanical Behavior of
Biomedical Materials in October 2021: A. Terzolo, L. Bailly, L. Orgéas, T. Cochereau, N.

Henrich Bernardoni, "A micro-mechanical model for the fibrous tissues of vocal folds".
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2.1 Introduction

As detailed in Chapter 1, human vocal folds possess a complex lamellar structure with

two principal layers: the lamina propria, i.e., a loose connective tissue and the vocalis, or

inferior thyroarytenoid muscle. Each layer is a soft material with architectured networks

of collagen, elastin and/or skeletal muscle fibers (see Figure 2.1; [15, 34, 117]). Clinical

observations clearly support the major role played by such fibrous microstructure in the

vocal-fold vibrations: in cases of benign or cancerous lesions, alterations of fiber-scale

arrangement of the lamina propria systematically induce a vibratory dysfunction [77, 79,

111]; with aging, a loss of elastin fibers, fibrosis or muscle atrophy, together with vocal

and perceptual changes such as hoarseness, low pitch and breathiness have also been

observed [218, 229, 230]. However, to date, the acquired knowledge is still not sufficient to

understand the relationship between the microstructural characteristics of vocal folds and

their macroscale performances.

Figure 2.1: Human vocal-fold histology. One fold idealized scheme with focus on the fold sublayers and

fibrous microstructure: ① Epithelium, ② Lamina propria, ③ Vocalis muscle (left). Corresponding 2D histological

photomicrographs prepared with HES staining: collagen fibers (yellow-orange); cytoplasms, striated muscular

and elastin fibers (pink); nuclei (black-purple) (right). Adapted from [15].

This is mainly ascribed to their challenging experimental multiscale characterization.

Despite the increasing progress made in 3D micro-imaging [15, 49, 88, 116, 141, 147, 149, 193],

vocal folds, together with their fibrous architectures, are still hardly observable in vivo [59,

185]. Though a large biomechanical database has been collected on excised vocal folds over

the last twenty years [40, 46, 54, 143, 191, 220], the 3D microscale rearrangement of loaded

tissues is still to be explored. At the same time, the development of macroscopic (tissue

scale) or micro-mechanical (fiber scale) models of phonation is a promising alternative to

gain an in-depth understanding of vocal-fold biomechanics:
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• In macroscopic approaches, phenomenological exponential and power-law functions

are commonly proposed to describe the stress-strain responses typically observed

when deforming soft biological tissues [18, 120, 123, 164, 165, 186]. However, doing so,

the model parameters can hardly be related to the material intrinsic structure and

mechanics, and need to be adjusted based on the applied loading path. This first

approach is robust and adequate in the absence of tissue histo-mechanical data.

• Microstructure-based formulations are instead inspired from histological evidence,

and conceived to correlate the model parameters to the physical and structural

properties of the tissue (e.g., cells, fibers and surrounding matrices). To name a

few, the shape, the amount, the orientation and the tortuosity of fibers are all

relevant structural parameters that are usually considered. Therefrom, to determine

the macroscale mechanical behavior of the tissue, homogenization techniques [12,

173–175, 178, 180, 181, 201], energetic approaches [194, 199, 203, 207, 208], statistical

descriptions [49, 89, 140, 156] or variational considerations [56, 86, 154, 179, 182]

are used. Nonetheless, the identification and validation of these frameworks with

multiscale experimental data remains a challenging task.

By contrast with many other soft tissues (e.g., arteries, heart, skin), most of the theoretical

approaches adopted to model the vocal-fold mechanical properties still rely on macroscopic

formulations. Since the 2010s, a few authors have been proposing micro-mechanical models

for the vocal-fold tissues, opening a new insight into voice biomechanics [143, 194]. These

approaches allowed to predict the tensile behavior of the lamina propria but their relevance

was not assessed for significant biomechanical loadings such as transverse compression

and longitudinal shear [101, 242, 256]. Furthermore, theoretical formulations still need: (i)

to be fed up with 3D microstructural descriptors of human vocal-fold sublayers and to

account for fiber-to-fiber mechanical interactions likely to occur within such dense media

[72]; (ii) to be extended to the specific micro-arrangement of the vocalis muscle.

Within this context, this study proposes a micro-mechanical model able to reproduce the

nonlinear anisotropic mechanical properties of vocal-fold layers (lamina propria, vocalis)
subjected to multiaxial finite strains, from the knowledge of their 3D fibrous architecture. It

combines the use of ex vivo database acquired on human vocal-fold microstructures over the

last ten years, with a recent study on their finite strain macroscale mechanics in longitudinal

tension, transverse compression and longitudinal shear [54]. The chapter is structured as

it follows. Section 2.2 introduces an improvement of the theoretical formulation firstly

proposed and validated in the context of vascular biomechanics [12, 13]. The model

identification procedure is described in Section 2.3. Section 2.4 presents the vocal-fold

multiscale predictions as well as a micro-parametrical study, to investigate how changes in

the tissue’s 3D fibrous configuration may impact its vibro-mechanical response.
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2.2 Micro-mechanical model

2.2.1 Experimental observations and assumptions

In line with histological evidence [15, 109, 144, 176, 194] (see Figure 2.1), both lamina propria
and vocalis can be thought as 3D incompressible composite structures made of a gel-like

matrix reinforced by a network of fibers. Furthermore, each fiber can be seen as a bundle of

quasi-aligned (myo)fibrils with wavy shapes and preferred orientations at rest:

• The lamina propria is made of cells and an extracellular matrix (ECM) embracing

amorphous ground substances (e.g. hyaluronic acid), entangled fibrous networks of

collagen (mainly Type I and III) and elastin [193]. Collagen plays a key role in the

mechanics of soft tissues and is, by weight, the most abundant fibrous protein in the

human lamina propria, representing at least 50% of the total proteins (less than 10%

for elastin) [104, 105, 244]. The lamina propria is finally known to be arranged in three

sublayers with distinct fibers’ type, density and arrangement, albeit very challenging

to model due to a lack of quantitative topological descriptors. For this reason, in

the following, the tissue multilayered arrangement is simplified in a mono-layered

structure. The fibrous network of its ECM is assumed to contain a single population of

collagen fibers, i.e., fiber bundle of collagen fibrils, embedded in a surrounding matrix

including all the remaining tissue components (cells, elastin, ground substances).

• The vocalis is primarily made of muscle fibers grouped into fiber bundles (or fasciculi)
and wrapped together by connective tissue sheaths [15] (see Figure 2.1). Its ECM is

dominated by collagen in terms of mass, and organized into three interconnected

levels: epimysium surrounding the whole muscle, perimysium surrounding fascicles,

and endomysium surrounding individual muscle fibers [27, 266]. Collagen was recently

shown to be a crucial load-bearing component in the finite strain passive response of

skeletal muscles [266]. Therefore, in the following, each muscle fiber is approximated

by a bundle of myofibrils wrapped by a sheath of collagen fibers (i.e., bundles of

collagen fibrils). The remaining constituents of the muscle ECM (elastin, proteoglycans,

glycoproteins) constitute the matrix of the micro-mechanical model [213].

2.2.2 Idealization of the vocal-fold layers’ fibrous architectures

Regardless of the considered vocal-fold layer (i.e., lamina propria or vocalis), its microstructure

is idealized by the periodic repetition of a Representative Elementary Volume (REV)

inspired from that already proposed for rubber-like materials [8, 19, 28] or self-entangled

superelastic wires [219], as sketched in Figure 2.2 a. In the undeformed configuration

C0 (resp. deformed configuration C), the REVs can be seen as prisms with a truss of

𝑁 = 4 bars, of identical initial length ℓ0 (resp. actual lengths ℓ𝑖), embedded in a matrix

and connected at their extremities to a central node C0 (resp. c0) and to the nodes C𝑖

(resp. c𝑖), 𝑖 ∈ [1, . . . , 𝑁] of corresponding neighboring REVs. The initial (resp. actual)
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Figure 2.2: Idealized geometry of the vocal-fold sublayers: a) REV in the undeformed configuration C0 – a

node of periodicity 𝐶0 (blue) and a 4-bar truss (brown) embedded in a soft isotropic matrix (green). Dotted

lines illustrate the possible steric interactions of 𝐶0 with the neighboring nodes; b) correspondence fiber-bar

for i) lamina propria and ii) vocalis, conceived as fiber bundles of collagen (orange) and/or muscular fibrils

(pink).

orientation of each bar 𝑖 is denoted by the direction of its unit vector E𝑖 = C0C𝑖/∥C0C𝑖 ∥
= sin𝜃0𝑖 cos 𝜑0𝑖 e𝑥 + sin𝜃0𝑖 sin 𝜑0𝑖 e𝑦 + cos𝜃0𝑖 e𝑧 (resp. e𝑖 = c0c𝑖/∥c0c𝑖 ∥ = sin𝜃𝑖 cos 𝜑𝑖 e𝑥 +

sin𝜃𝑖 sin 𝜑𝑖 e𝑦 + cos𝜃𝑖 e𝑧) where e𝑥 , e𝑦 and e𝑧 lie along the medio-lateral, infero-superior
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and antero-posterior anatomical directions (see Figure 2.1). In the following, for the sake of

simplicity, it was assumed that ∀𝑖, 𝜃0𝑖 = 𝜃0 and 𝜑0𝑖 = ±𝜑0 ∓ 𝑘𝜋, 𝑘 ∈ [0, 1].

Therefrom, as illustrated in Figure 2.2 b, each bar 𝑖 represents the chord of a wavy (collagen

or muscle) fiber bundle 𝑖. Additionally, each fiber bundle 𝑖 is modeled as an assembly of

𝑛 identical and parallel fibrils of equal waviness and length. Furthermore, each fibril 𝑗

is defined by its initial diameter 𝑑0, length ℓ
𝑓

0
(resp. actual ℓ

𝑓

𝑗
), and tortuosity 𝜉0 = ℓ

𝑓

0
/ℓ0

(resp. 𝜉𝑗 = ℓ
𝑓

𝑗
/ℓ𝑖). A monomodal sinusoidal function is used to describe each fibril’s

initial waveform of amplitude 𝑅0 and spatial periodicity 𝐻0 [56, 155, 194], i.e., with 𝑣(𝑢) =

𝑅0 sin
2𝜋
𝐻0

𝑢 in (u𝑗 ,v𝑗), as sketched in Figure 2.2. The bars were assumed to contain 10 typical

sinusoidal periods between nodes. This arbitrary choice is not a restriction. Therewith:

• In the lamina propria (see Figure 2.2b-i), the volume fraction of fibrils in the REV is

Φ = 𝑉𝑓 /𝑉𝑅𝐸𝑉 , where𝑉𝑅𝐸𝑉 = 4ℓ 3

0
sin

2 𝜃0 cos𝜃0 cos 𝜑0 sin 𝜑0 is the volume of the REV

and where 𝑉𝑓 = 𝜋𝑁𝑛𝑑2

𝑜ℓ
𝑓

0
/4 with ℓ

𝑓

0
=

∫ ℓ0

0

√
1 + (2𝜋𝑅0

𝐻0

cos( 2𝜋
𝐻0

𝑢))2 𝑑𝑢.

• In the vocalis (see Figure 2.2b-ii), even if collagen and muscle families refer to a same

bar, hence with the same mean orientation (𝜃𝑖 , 𝜑𝑖), each family is characterized by

distinct geometrical parameters, labeled with the subscript 𝑐 (resp. 𝑚) for collagen

(resp. muscular) fibrils. Thus, the volume fraction of fibrils can be decomposed as

it follows: Φ = Φ𝑐 + Φ𝑚 , where Φ𝑐 and Φ𝑚 are the volume fractions of collagen

and myofibrils, respectively, with waveform parameters 𝐻
0𝑘 , R

0𝑘 and diameters 𝑑
0𝑘 ,

𝑘 ∈ {𝑐, 𝑚}.

2.2.3 Micro-mechanical behavior of the constitutive materials

Matrix – Independently of the considered vocal-fold sublayer, the gel-like matrix is in first

approximation reasonably modeled as a soft isotropic, hyperelastic and incompressible

material. Its mechanical behavior is therefore described by a simple neo-Hookean formula-

tion [255], characterized by a volumetric strain-energy function 𝑊 = 0.5 𝜇(1 −Φ)(𝐼1 − 3),
where 𝜇 is the shear modulus of the matrix, and 𝐼1 = tr(B) where B = F · F𝑇 (F being the

macroscopic transformation gradient).

Fibrils

Tension – As sketched in Figure 2.3 a, when stretched with a strain 𝜀𝑗 = ln

ℓ 𝑗
ℓ0

, the mechanics

of wavy fibrils is firstly dominated by their progressive unfolding, regimes (i) and (ii), up to

a critical strain 𝜀𝑐 = ln 𝜉0. Once fully unfolded, they behave as straight elastic rods showing

a quasi-linear tensile response with a Young’s modulus 𝐸 𝑓 , regime (iii) [55, 91]. The overall

mechanical response is well described by the following constitutive relation [204]:

t𝑗 =
𝜋𝑑2

0

4

[
𝐸𝑒𝑞0𝜀𝑗 +

𝐸 𝑓 − 𝐸𝑒𝑞0

2

(
𝜀𝑗 +

√(
𝜀𝑗 − ln 𝜉0

)
2 + 𝛼2 −

√
ln

2 𝜉0 + 𝛼2

)]
e𝑖 (2.1)
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Figure 2.3: Micro-mechanics modeling: a) strain-tension curve at the fibril scale; b) strain-repulsion force

curve modeling fiber-to-fiber interactions.

where t𝑗 is the tension along the fibril 𝑗. In the latter equation, 𝛼 is a parameter that ensures

a smooth transition between the different regimes. Additionally, 𝐸𝑒𝑞0 is the initial tangent

modulus measured on (𝑡 𝑗 , 𝜀𝑗) curves. Its expression can be analytically obtained [211]:

𝐸𝑒𝑞0 = 𝐸 𝑓 ⟨cos 𝛽0⟩ /[
〈
cos

2 𝛽0

〉
+ 16

〈
𝑣2

〉
/𝑑2

0
] (2.2)

where ⟨·⟩ = 1

ℓ0

∫ ℓ0

0

· 𝑑𝑢, 𝛽0 = arctan

(
2𝜋 𝑅0

𝐻0

cos
2𝜋
𝐻0

𝑢
)

and

〈
𝑣2

〉
= 𝑅2

0
/2. In the particular case

of the vocalis (see Figure 2.2b-ii), it is worth noticing that the tension force t𝑗𝑘 within each

fibrillar network (collagen or muscular) is characterized by distinct fibril Young’s modulus

𝐸 𝑓 𝑘 and toe-region parameter 𝛼𝑘 .

Compression – The stiffening tensile regimes (ii) and (iii) are not prone to occur during fibrils

compression. Instead, fibrils are rather expected to increase their crimping. To account for

this tension-compression asymmetry, it is here simply assumed that fibrils compression

follows the same tendency detailed in tension during regime (i) solely:

t𝑗 =
𝜋𝑑2

0

4

𝐸𝑒𝑞0 𝜀𝑗 e𝑗 (2.3)

Fibers – Between nodes, fiber bundles can be seen as wavy beams of parallel fibrils (see

Figure 2.2 b), being transverse shear interactions significantly weaker than their longitudinal

tensile response. Therefrom, the tension-compression force T𝑖 in the fiber i can be simply
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expressed (with N = 4) as:

T𝑖 =

𝑛∑
𝑗=1

t𝑗 = 𝑛 t𝑖 =
Φ𝑉𝑅𝐸𝑉

𝜋𝑑2

0
ℓ
𝑓

0

t𝑖 (2.4)

In the case of two fibrils families (vocalis), this generic equation comes to:

T𝑖 =
𝑉𝑅𝐸𝑉

𝜋

(
Φ𝑐

𝑑2

0𝑐
ℓ0𝜉0𝑐

tic +
Φ𝑚

𝑑2

0𝑚
ℓ0𝜉0𝑚

tim

)
(2.5)

Fiber-to-fiber interactions: steric hindrance – When fibrous networks are subjected to

mechanical loading, the resulting deformation does not uniquely arise from the (un)folding

of fiber bundles, which may also rotate and get closer one another. These motions are

physically constrained by steric hindrance, generating fiber-to-fiber interactions [72]. These

constraints are not taken into account by standard eight-chain models [8], whereas they

should alter the REV deformation micro-mechanisms and, thus, its macroscale effective

properties. Therefore, in a first approach, repulsive forces were added between neighboring

unconnected nodes of the truss to take into account these steric interaction forces. More

precisely, in the deformed configuration C, once the relative distance 𝛿𝑞 between the two

unconnected nodes C0 and C𝑞 (𝑞 ≠ 0) exceeds a critical value 𝛿𝑐 , a repulsive force is

activated to reproduce the contact interactions between the concerned fibers. By periodicity,

this comes to the interactions between C0 and its 5 neighboring nodes, as illustrated in

Figure 2.2 a (see dotted lines). The resulting 𝑀 = 5 fiber-to-fiber interaction forces are

noted r𝑞 and expressed using the following power-law-based function:

r𝑞 = 𝑟𝑞 e𝑞 = 𝛽 𝐻(𝜀𝑞) 𝜀3

𝑞 e𝑞 (2.6)

where 𝜀𝑞 = ln

(
𝛿𝑞
𝛿𝑐

)
, e𝑞 = c𝑞c0/∥c𝑞c0∥, 𝐻(.) is the Heaviside function, and where 𝛽 is an

interaction coefficient. A typical strain-repulsion force curve is shown in Figure 2.3 b.

In the case of the vocalis, owning two families of fibrils, only one coefficient of interaction 𝛽
and one length of interaction 𝛿𝑐 are defined, being steric interactions only modeled at the

fiber scale.

2.2.4 Macro-mechanical behavior of the overall composites

Based on the approach previously developed for aortic tissues [12, 13], the macroscale

mechanical behavior of the lamina propria and the vocalis tissues can now be determined.

Regardless of the considered layer, its macroscopic Cauchy stress tensor 𝛔 is expressed as:

𝛔 = −𝑝𝜹 + 𝛔𝑚 + 𝛔 𝑓 + 𝛔𝑠 (2.7)

where 𝑝 is the incompressibility pressure, 𝜹 the identity tensor, 𝛔𝑚 and 𝛔 𝑓 represent the

stress contribution of the matrix and the fibrous network, respectively, and where the stress
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term 𝛔𝑠 is induced by steric interactions.

Matrix – From the previous assumptions, it follows that:

𝛔𝑚 = F ·
(
𝜕𝑊

𝜕F

)𝑇
(2.8)

Overall fibrous network – Using the homogenization method for trusses of hyperelastic

bars [36], the bar 𝛔 𝑓 and the steric 𝛔𝑠 tensors can be expressed as:

𝛔 𝑓 =
1

𝑉𝑅𝐸𝑉

𝑁∑
𝑖=1

T𝑖 ⊗ ℓ𝑖e𝑖 =
Φ

𝜋𝑑2

0
𝜉0

𝑁∑
𝑖=1

𝑡𝑖𝜆𝑖 e𝑖 ⊗ e𝑖 (2.9)

and

𝛔𝑠 =
Φ

𝜋𝑑2

0
𝜉0

𝑀∑
𝑞=1

𝑟𝑞𝛿
∗
𝑞 e𝑞 ⊗ e𝑞 (2.10)

for the lamina propria, with 𝜆𝑖 =
ℓ𝑖
ℓ0

and 𝛿∗𝑞 = 𝛿𝑞/ℓ0, and:

𝛔 𝑓 =
Φ𝑐

𝜋𝑑2

0𝑐
𝜉0𝑐

𝑁∑
𝑖=1

𝑡𝑖𝑐𝜆𝑖 e𝑖 ⊗ e𝑖 +
Φ𝑚

𝜋𝑑2

0𝑚
𝜉0𝑚

𝑁∑
𝑖=1

𝑡𝑖𝑚𝜆𝑖 e𝑖 ⊗ e𝑖 (2.11)

and

𝛔𝑠 =

(
Φ𝑐

𝜋𝑑2

0𝑐
𝜉0𝑐

+ Φ𝑚

𝜋𝑑2

0𝑚
𝜉0𝑚

)
𝑀∑
𝑞=1

𝑟𝑞𝛿
∗
𝑞 e𝑞 ⊗ e𝑞 (2.12)

for the vocalis. Thus, the overall response of the lamina propria (resp. vocalis) depends on 11

(resp. 17) input parameters to be determined at rest:

6 (resp. 10) histological parameters: the fibril diameter 𝑑0 (resp. 𝑑
0𝑘), their waviness am-

plitude 𝑅0 (resp. 𝑅
0𝑘), spatial periodicity 𝐻0 (resp. 𝐻

0𝑘) from which the tortuosity 𝜉0

(resp. 𝜉
0𝑘) can be estimated, the fibrils volume fraction Φ (resp. Φ𝑘) and initial 3D

fiber orientation (𝜃0 , 𝜑0).

5 (resp. 7) mechanical parameters: the fibrils Young’s modulus 𝐸 𝑓 (resp. 𝐸 𝑓 𝑘), the matrix

shear modulus 𝜇, the transition parameter 𝛼 (resp. 𝛼𝑘) and the interaction coefficients

𝛽 and 𝛿𝑐 related to the steric effects.

2.3 Model identification

The identification of the histo-mechanical parameters of the model was performed by

adjusting its predictions to biomechanical data recently acquired on human vocal-fold

tissues [54]. To do so, a representative set of lamina propria and vocalis sublayers (hereinafter

noted as LP𝑖 and V𝑖 , 𝑖 ∈ [1, 2]) was selected from the reported database. Each sample
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was sequentially subjected to a series of finite strain and cyclic physiological loadings,

i.e., longitudinal tension, transverse compression, and longitudinal shear. Only the first

load-unload sequences were considered, as displayed in Figure 2.4 for samples (LP1 , V1),

and in Appendix A. - Figure 1 for samples (LP2 , V2).

2.3.1 Simulated mechanical tests

The REVs were subjected to the following loading conditions to reproduce the experimental

loading paths:

• Uniaxial tension e𝑧 – To simulate uniaxial tension along the vocal folds longitudinal

direction e𝑧 , with F = 𝐹𝑥𝑥 e𝑥 ⊗ e𝑥 + 𝐹𝑦𝑦 e𝑦 ⊗ e𝑦 + 𝐹𝑧𝑧 e𝑧 ⊗ e𝑧 and 𝛔 = 𝜎𝑧𝑧 e𝑧 ⊗ e𝑧 , the

component 𝐹𝑧𝑧 was imposed, whereas 𝐹𝑦𝑦 was computed to ensure the transverse

stress-free state condition 𝜎𝑥𝑥 = 𝜎𝑦𝑦 = 0. The component 𝐹𝑥𝑥 = 1/𝐹𝑦𝑦𝐹𝑧𝑧 was

computed by means of the incompressibility assumption. The hybrid conditions

finally allowed to determine the pressure 𝑝.

• Uniaxial compression e𝑥 – A similar procedure was used to reproduce uniaxial

compression along the transverse direction e𝑥 .

• Simple shear (e𝑧 , e𝑥) – To simulate simple shear in the longitudinal plane (e𝑧 , e𝑥), the

REVs were subjected to F = 𝛅+ 𝛾𝑧𝑥 e𝑧 ⊗ e𝑥 and 𝑝 = 0, where 𝛾𝑧𝑥 is the imposed shear

strain.

The resulting stress predictions of the model were finally expressed using the first Piola-

Kirchoff stress tensor P = 𝛔 · F−𝑇
.

2.3.2 Optimization protocol

In order to fit macroscale stress-strain responses, the following protocol was adopted to

obtain optimized sets of histo-mechanical data:

(i) As far as possible, all input histological parameters were determined from mi-

crostructural analyses conducted on unloaded samples, previously observed using

2D standard optical microscopy [54]. Alternatively, remaining histo-mechanical pa-

rameters were initialized and bounded within a range of admissible physiological

values extrapolated from the literature.

(ii) A least-squared approach was subsequently used to minimize the discrepancies

between theoretical and experimental stress tensors. To do so, a nonlinear constraint

optimization was carried out, as in [12]. For each tested sample, this procedure ac-

counted for the different loading conditions the sample was subjected to. Considering

the complexity of the optimization problem, the uniqueness of the solution could not

be established. Nevertheless, it is worth noticing that the set of optimized parameters

does not depend on the applied loading mode. Furthermore, as the proposed model is

purely hyperelastic, it cannot reproduce the hysteresis experimentally observed [54].
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The optimization was accordingly adjusted to experimental "neutral" stress-strain

curves, lying in between the loading and unloading paths.

2.4 Results and discussion

2.4.1 Histo-mechanical parameters: choice of initial guesses and
optimized values

In order to obtain the optimized histological parameters reported in Table 2.1 and Table

2.2, for the lamina propria samples, and in Table 2.3 and Table 2.4 for the vocalis specimens,

initial guess corridors discussed hereafter were initially considered.

Lamina propria

Sample 𝜃0 (◦) 𝜑0 (◦) 𝐻0 (𝜇m) 𝑅0 (𝜇m) 𝑑0 (𝜇m) Φ 𝜉0

LP1 16 83 42 5 0.4 0.46 1.129

LP2 16 83 42.5 5 0.4 0.48 1.126

Table 2.1: Set of histological parameters identified for lamina propria samples, LP𝑖 . Gray-colored columns

refer to quantities computed as a function of the determined histological parameters.

Sample 𝐸 𝑓 (MPa) 𝜇 (Pa) 𝛼 𝛽 (N) 𝛿𝑐 (𝜇m)

LP1 847 330 4.4 10
−3

2 10
−4

66

LP2 847 290 4.3 10
−3

4 10
−4

65.7

Table 2.2: Set of mechanical parameters identified for lamina propria samples, LP𝑖 .

Collagen volume fraction Φ: Depending on the tissue depth e𝑥 , Φ is reported to vary

between 0.15 and 0.55 [34, 105, 194, 244]. Although the upper limit appears to un-

derestimate the volume fraction of collagen in the deepest portion of the sublayers

micrographs (see Figure 2.1), it is relevant when averaged over the whole sample

thickness. Within this range of admissible values, the optimization led to Φ ≈ 0.47

for both LP𝑖 samples.

Collagen fibril’s diameter 𝑑0: 𝑑0 is known to range between 10 nm (collagen Type III) and

500 nm (Type I) [9, 84, 91, 92, 273]. By imposing these physiological boundaries,

𝑑0 = 400 nm was obtained for each sample.

Fibril’s sine waveform parameters (𝐻0 ; 𝑅0): The spatial period and amplitude of wavy

collagen fibrils at rest were bounded within the corridors (10–70 𝜇m ; 1–10 𝜇m),

respectively [15, 194]. The optimization conducted to similar values for both samples,

close to (42 𝜇m ; 5 𝜇m), implying an initial tortuosity 𝜉0 of about 1.13.
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Network 3D orientation (𝜃0 ; 𝜑0): The 3D angular distribution of collagen fibrils in the

lamina propria (𝜃0 ; 𝜑0) = (30
◦

; 39
◦
) was extrapolated from recent 3D CT images

obtained on a single unloaded sample [15], showing a pronounced preferential

orientation along e𝑧 and a slight orthotropy in the perpendicular plane. To account

for the inter-sample variability, values were let free to vary within the range (0–50
◦
;

20–90
◦
). The optimization led to (𝜃0 ; 𝜑0) ≈ (16

◦
; 83

◦
) for both samples, a nearly 2D

network in the plane (e𝑧 , e𝑦). It should be noticed that a quasi-plane network (i.e., 𝜃0

≤ 35
◦

and 𝜑0 ≥ 80
◦
) was required by the model to properly reproduce the lamina

propria shear response.

Collagen fibril Young’s modulus 𝐸 𝑓 : Though very challenging, the mechanical proper-

ties of a single collagen (Type I) fibril have been rather extensively investigated using

AFM, MEMS technology and X-ray diffraction [33, 91, 168, 233, 273]. In aqueous

media, the tangent modulus measured under longitudinal tension, 𝐸 𝑓 , was reported

to range from 1 MPa at small strains up to an asymptotic value of 1 GPa at finite

strains, where a linear stress-strain regime is attained. Imposing these constraints, 𝐸 𝑓

≈ 850 MPa was obtained for both LP𝑖 samples.

Matrix shear modulus 𝜇: This parameter was firstly initialized with the shear modulus

of hyaluronic acid 𝜇𝐻𝐴 ≈ 20-50 Pa [115], i.e., the most abundant component of the

ground substance within the lamina propria [46, 77–79, 95, 104, 109, 115]. In order to

account for other components within the matrix (e.g., cells and elastin), 𝜇 was let

free to vary up to 1.5 MPa, i.e., the estimated Young’s modulus of isolated elastin

fibers [272, 273]. The optimization finally conducted to𝜇 ≈ O(10
2)Pa for both samples.

Transition parameter 𝛼: Initially let free, the optimization lead to 𝛼 ≈ O(10
−3) for both

samples. Optimized values were further confirmed comparing the tension 𝑡 𝑗 predicted

by the micro-mechanical model for a stretched fibril (𝑑0, 𝐻0, 𝑅0, 𝐸 𝑓 ) to that obtained

by the FE simulation of the stretching of a corrugated elastic beam with identical

properties.

Interaction coefficients 𝛽 and 𝛿𝑐 : 𝛽 and 𝛿𝑐 were freely adjusted during the optimization,

respectively leading to ≈ O(10
−4) N and ≈ 66 𝜇m for both samples. To the author’s

knowledge, contact forces endured by entangled collagen fibers in such soft living

tissues are not documented. This is probably ascribable to experimental limitations.

However, the reaction forces determined on collagen fibrils using transverse nano-

indentation [9], with an amplitude of O(10
2) pN, show a substantial agreement

with the fiber-fiber reaction forces 𝑟𝑞 predicted by the model during transverse

compression (see Figure 2.6). It is also worth noticing that interaction length 𝛿𝑐
remains rather close to the respective fiber’s "encumbrance", i.e., O(2𝑅0 + 𝐷0), where

typical values of the collagen fiber bundle diameter 𝐷0 range between 1 and 20 𝜇m

[27, 84].



2 A micro-mechanical model for the soft fibrous tissues of vocal folds 62

Vocalis

Sample 𝜃0 (◦) 𝜑0 (◦) 𝐻
0𝑘 (𝜇m) 𝑅

0𝑘 (𝜇m) 𝑑
0𝑘 (𝜇m) Φ𝑘 𝜉

0𝑘

V1𝑐 33 70 28 6.4 0.4 0.10 1.4

V1𝑚 33 70 1 350 130 1 0.70 1.08

V2𝑐 28 67 30 5.5 0.4 0.12 1.28

V2𝑚 28 67 1 620 90 1 0.70 1.03

Table 2.3: Set of histological parameters identified for vocalis samples, V𝑖 (𝑘 ∈ {𝑐, 𝑚} labels collagen

or muscular fibrils accordingly) . Gray-colored columns refer to quantities computed as a function of the

determined histological parameters.

Sample 𝐸 𝑓 𝑘 (MPa) 𝜇 (Pa) 𝛼𝑘 𝛽 (N) 𝛿𝑐 (𝜇m)

V1𝑐 847 900 4.4 10
−3

2.2 10
−4

367

V1𝑚 0.05 900 1.1 10
−2

2.2 10
−4

367

V2𝑐 847 980 4.4 10
−3

7.6 10
−5

360

V2𝑚 0.05 980 2.7 10
−2

7.6 10
−5

360

Table 2.4: Set of mechanical parameters identified for vocalis samples V𝑖 (𝑘 ∈ {𝑐, 𝑚} labels collagen or

muscular fibrils accordingly).

Collagen sheaths parameters 𝑑0𝑐 , 𝐸 𝑓 𝑐 , 𝛼𝑐 were respectively set equal to the optimized

values 𝑑0, 𝐸 𝑓 , 𝛼 previously obtained for the lamina propria samples (see Table 2.1 and Table

2.2). Furthermore, the equivalent myofibril diameter was set to 𝑑0 = 1 𝜇m which is in line

with measurements performed on V𝑖 micrographs [54] and with available data in the

literature [15, 50, 55, 163, 196, 230].

Volume fractions Φ𝑘 : Myofibrils’ (resp. collagen fibrils’) volume fraction Φ𝑚 (resp. Φ𝑐) in

the vocalis was measured within the range 0.60 – 0.80 (resp. 0.05 – 0.15). If hardly any

data are reported regarding Φ𝑚 for skeletal muscles, obtained measurements for Φ𝑐

appear to be consistent with the values collected on rabbit tissues [266], varying from

0.10 to 0.25. Therefrom, within these ranges of admissible values, the optimization

led to Φ𝑚 ≈ 0.70 (resp. Φ𝑐 ≈ 0.10) for both V𝑖 samples.

Muscular and collagen fibril’s sine waveform parameters (𝐻
0𝑘 ; 𝑅

0𝑘): The spatial period

and amplitude of wavy myofibrils (𝐻0𝑚 ; 𝑅0𝑚) were bounded within narrow corridors

(1 300 – 1 700 𝜇m ; 70 – 140 𝜇m) [15]. The optimization conducted to distinct values

for V𝑖 samples, corresponding to an initial tortuosity 𝜉0 of 1.08 and 1.03 respectively.

This stands for rather straight fibrils at rest in both cases, in line with what shown in

Figure 2.1. Regarding collagen fibrils’ tortuosity, lamina propria physiological bounds

were preserved, yielding to (𝐻0𝑐 ; 𝑅0𝑐) ≈ (30 𝜇m ; 6 𝜇m). The model identification

therefore suggests that collagen fibrils wrapping myofibril bundles in the vocalis, at

rest, are wavier (from 15 up to 23%) than those laying in the lamina propria. This

finding is in agreement with previous micrographs of collagen sheaths, showing a

double wavelength due to a first muscular undulation entwined with a second-degree

collagen crimping.
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Network 3D orientation (𝜃0 ; 𝜑0): As for the lamina propria, the initial orientation of the

muscular network was determined extrapolating 3D descriptors from vocalis X-ray

images [15], (𝜃0 ; 𝜑0) ≈ (33
◦

; 53
◦
). The model identification eventually led to (𝜃0 ; 𝜑0)

≈ (30
◦

; 68
◦
) for both samples.

Myofibril Young’s modulus 𝐸 𝑓 𝑚 : The "passive" longitudinal Young’s modulus of frog

and rabbit myofibrils [177, 266] is reported to range from 1 to 35 kPa below 10%

strains, rising up to ≈ 60 kPa at finite strains. Within this range of admissible values,

the optimization returned 𝐸 𝑓 𝑚 ≈ 50 kPa for both V𝑖 samples.

Matrix shear modulus 𝜇: Vocalis ground substance composition was assumed to be close

to that of the lamina propria. Accordingly, vocalis matrix shear modulus 𝜇 was cali-

brated on HA data, as detailed for the lamina propria. This conducted to 𝜇 ≈ O(10
3) Pa

for both samples.

Parameter 𝛼𝑚 : Optimization lead to 𝛼𝑚 ≈ O(10
−2) for both samples.

Interaction coefficients 𝛽 and 𝛿𝑐 : As for the lamina propria, no constraints were applied to

𝛽 and 𝛿𝑐 , yielding to values of 𝛽 ≈ O(10
−4) and O(10

−5) N for each V𝑖 sample and

𝛿𝑐 ≈ 360 𝜇m for both samples.

2.4.2 Macro and microscale predictions

A comparison between the model macroscale predictions and the corresponding experi-

mental data is shown in Figure 2.4, for both sublayers (LP1 and V1 , results obtained for LP2

and V2 are reported in Appendix A. - Figure 1) and the three considered loading modes, i.e.,
longitudinal tension, transverse compression, longitudinal shear. For each loading case, the

stress-strain response of a homogeneous isotropic neo-hookean material owning the same

mechanical properties as the respective matrix was superimposed to better understand the

contribution of each phase to the overall composite behavior. The strain-induced evolution

of microscale descriptors is displayed in Figure 2.5 and Figure 2.6.

• Longitudinal tension – Regarding the lamina propria, model predictions satisfyingly

reproduce the macroscale non-linear stress-strain response with a typical J-shape

strain-hardening (Figure 2.4 a). The stress contribution predicted for the matrix-

equivalent medium is negligible compared to that of the composite layer overall

response. This emphasizes the major mechanical role played by the collageneous

fibrous network in longitudinal tension and is supported by lower-scale mechanisms

predictions: as shown in Figure 2.5 a, collagen fibrils are permanently stretched,

and gradually unfolded, as the load is applied. Their tensile response is coupled

with a noticeable rotation and progressive alignment toward the loading direction

e𝑧 : angles 𝜃𝑖 decrease down to 10
◦

at 𝜀𝑧𝑧 ≈ 0.10. These micro-mechanisms result in

finite deformations of the REV, highly stretched along e𝑧 , shrunk along e𝑦 (e.g., with

𝜀𝑦𝑦 ≈ −0.60 at 𝜀𝑧𝑧 = 0.10 for LP1), but also expanded along e𝑥 (e.g., with 𝜀𝑥𝑥 ≈ 0.50),
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Figure 2.4: Macroscopic stress-strain curves of vocal-fold sublayers under multiaxial loadings. Experimental

data vs. model predictions obtained for lamina propria sample LP1 (left, in red) and vocalis sample V1 (right, in

blue): a) longitudinal tension; b) transverse compression; c) longitudinal shear.
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Figure 2.5: Strain-induced evolution of multiscale descriptors predicted for a) lamina propria sample

LP1 and b) vocalis sample V1 during tension along e𝑧 : macroscopic loading paths (top left); stereographic

projection of orientation vectors e𝑖 from initial to final state, 𝑖 ∈ [1..4] (bottom); strain variation of the fibril

chord 𝜀𝑖 and corresponding tension 𝑡𝑖 (top right).
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Figure 2.6: Strain-induced evolution of multiscale descriptors for lamina propria sample LP1: a) compression

along e𝑥 – macroscopic loading paths (top left), stereographic projection of orientation vectors e𝑖 from initial to

final state, 𝑖 ∈ [1..4] (bottom), strain variation of the fibril chord 𝜀𝑖 and corresponding steric interactions 𝑟𝑘,𝑙,𝑚
(top right); b) shear in the (e𝑧 , e𝑥) plane – strain variation of the fibril chord 𝜀𝑖 (top left) and corresponding

tension 𝑡𝑖 (top right), stereographic projection of orientation vectors e𝑖 from initial to final state, 𝑖 ∈ [1..4]
(bottom).
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thereby showing a marked auxetic behavior, yet only slightly observed experimentally.

Conversely, transverse deformations would be close to 𝜀𝑦𝑦 = 𝜀𝑥𝑥 ≈ −0.05 without any

fibers (Φ = 0), i.e., for an incompressible isotropic material (see Figure 2.5 a, in green).

The predicted auxeticity is probably attributable to the lamina propria collageneous

network structural anisotropy as well as the imposed the incompressibility constraint.

Concerning the vocalis, macroscopic tensile responses are similarly rather well pre-

dicted by the model (see Figure 2.4 a), whereas the micro-mechanisms slightly

differ due to histo-mechanical discrepancies between the considered tissues. The

less pronounced nonlinear response of the vocalis is attributable both to a lower

initial tortuosity 𝜉0 and the negligible stiffness of muscular fibers compared to that of

collagen. It is worth noticing that Figure 2.5 b reveals the major role played by the

collagen sheaths surrounding muscle fibers, as recently reported by Ward et al.[266]

for passive tensile properties. Still, compared with the lamina propria, a minor volume

fraction of collagen leads to lower stress levels at the macroscale.

• Transverse compression – The nonlinear response and strain hardening of the lamina
propria is equally predicted for transverse compression along e𝑥 , i.e., applied perpen-

dicularly to the fiber preferential orientation. However, in this case, the macroscale

nonlinearity is not inherited from the coupled unfolding/rotation of the collageneous

network: indeed, Figure 2.6 a shows that the fibrils’ extremities are barely stretched

(∀ 𝜀𝑥𝑥 , 𝜀𝑖 ≈ 0, 𝑡𝑖 ≈ 0 and 𝜉𝑖 ≈ 𝜉0). Fibers rotations in the longitudinal plane (e𝑦 ,

e𝑧) are also moderate, e.g., angles 𝜃𝑖 (resp. 𝜑𝑖) of about 5
◦

(resp. 2
◦
) at 𝜀𝑥𝑥 ≈ −0.25.

Auxetic effects along e𝑧 are still predicted, albeit less marked than in longitudinal

tension. The cause of the nonlinearity experienced at the tissue scale should rather

be sought in steric interactions: Figure 2.6 a shows non-zero microscopic repulsion

forces 𝑟𝑘 predicted along the loading direction, while interaction forces in the other

e𝑞-directions (see Figure 2.2), here noted 𝑟𝑙 and 𝑟𝑚 , are not triggered. More generally,

among all the modeling cases considered in the present study, steric interactions were

uniquely activated under compressive loadings. Furthermore, Figure 2.4 b displays

what macroscale predictions would be like when neglecting steric hindrance effects

(𝛽 = 0 , see dotted lines), showing a quasi-linear mechanical behavior extremely close

to that of the matrix. By contrast with the trends obtained in longitudinal tension,

this highlights the major mechanical contribution of the matrix under compression

at low strains, and its strong attenuation once steric interactions are triggered (for

𝜀𝑥𝑥 ≈ −0.05). Similar results are obtained for vocalis sample V1, as reported in Ap-

pendix A. - Figure 2 a, though a faster fiber recruitment and unfolding is predicted in

that case.

• Longitudinal shear – Leaving aside the experimental artifacts, notably observed for the

vocalis [54], the quasi-constant strain hardening exhibited under longitudinal simple

shear is well reproduced for both sublayers (Figure 2.4 c). The predicted mechanical

behavior is very close to that of the sole matrix. This is attributable to the mechanisms

evidenced at the microscale and illustrated in Figure 2.6 b for LP1 (see Appendix
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A. - Figure 2 b for V1): fibers rotation is negligible and their unfolding is rather limited.

More specifically, fibers 𝑖 = {1, 3} are compressed, while fibers 𝑖 = {2, 4} are slightly

stretched (∀𝑖, |𝜀𝑖 | < 0.02) so that they remain crimped during the load, the complete

unfolding of the fibers being predicted for 𝛾𝑧𝑥 ≈ 3.

2.4.3 Effect of fiber orientation on the monotonic and vibratory
properties

Figure 2.7: Lamina propria fibrous microstructure influence on monotonic properties: a) panel of the

three REVs in the undeformed configuration C0 proposed to gauge the effect of 3D fiber orientations on the

lamina propria monotonic mechanics; b) predicted stress-strain curves obtained for each REV subjected to

longitudinal tension, transverse compression and longitudinal shear (from left to right), along with reference

experimental data (LP1).

The identified model can also be used to further investigate the effect of alterations in

the fibrous configuration on the tissue mechanics, subjected to both quasi-static and

vibratory loadings. More specifically, a major focus is here drawn to the role played

by fiber orientation, i.e., degree of alignment and symmetry along the antero-posterior

direction e𝑧 , of the lamina propria sample LP1 by studying the mechanics of REVs owning

identical histo-mechanical properties (see Table 2.1 and Table 2.2), albeit different initial

orientations (𝜃0 ; 𝜑0). As illustrated in Figure 2.7 a, three distinct 3D configurations were

selected: (i) a first quasi-planar orthotropic structure REV1, resulting from the previous

model identification (sample LP1); (ii) a transverse isotropic structure with moderately

oriented fibers along e𝑧 , noted REV2, being a standard rotational symmetry assumption
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often adopted to model the vocal-fold tissue (e.g., [61, 144, 227]); (iii) a transverse isotropic

structure with a relatively weak fibers alignment, noted REV3.

• Monotonic loading – The predicted stress-strain curves obtained for the three structures

subjected to longitudinal tension, transverse compression and longitudinal shear

are presented in Figure 2.7 b. Globally, strongly oriented structures exhibit stiffer

responses under longitudinal tension, while less oriented configurations offer higher

resistance to longitudinal shear and transverse compression. In particular, a compari-

son of the responses exhibited by REV1 and REV2 allows to highlight the impact of

the microstructural symmetry: despite similar 𝜃0-values, their multiaxial responses

differ drastically. In tension, REV1 shows lower stress levels and tangent moduli, as it

requires to open along e𝑥 before enabling fibers to work in tension along e𝑧 . Instead,

a transverse isotropic structure limits fibers’ rotation along the loading direction, thus

leading to an earlier fiber recruitment, which stiffens the macroscopic response of

the tissue. Likewise, REV1 stress-strain curve looks softer in compression because

the REV contraction, and corresponding repulsive forces due to steric hindrance,

along e𝑥 is induced after moderate in-plane fibers rotation and global opening of the

structure along e𝑦 . Qualitative trends are similar in shear, even if the fibers rotation is

negligible in this case: fibers recruitment is faster for REV2, inducing higher stress

levels at the macroscale. In conclusion, a rather small change in the initial orientation

of the fibrous network may activate a series of combined nonlinear micromechanisms

of deformation (e.g., fibers’ rotation, uncrimping, tension, compression and steric

interactions), which in turn strongly impact the multiaxial response of the tissue at the

macroscale. Finally, this study points out that a transverse isotropic structure should

not be used to model the mechanical behavior of the lamina propria. An orthotropic

structure represents a more suitable fibrous configuration.

• Vibratory loading – To better highlight the impact of these fiber-scale micro-mechanisms

on vocal-fold vibrations, a simplified analysis of the lamina propria vibratory properties

was finally addressed using beam theory. Various beam models can be found in

the literature to semi-quantitatively describe the vocal-fold vibration [25, 66, 251,

276, 277], albeit with a poor correlation with the tissue’s microstructural features.

The approach proposed by Kelleher et al. [144] was here adapted to the present

micro-mechanical model to compute the natural frequencies of vibration of LP01 for

transverse vibrations. Thus, at a first approximation, the lamina propria is modeled

as a pinned-pinned Timoshenko beam of rectangular cross-section (initial length

𝐿0, width 𝑤0𝑦 , thickness 𝑤0𝑥 ), with incompressible, anisotropic and hyperelastic

properties. When subjected to a tensile strain 𝜀𝑧𝑧 along the antero-posterior direction

e𝑧 , the corresponding frequency of the 𝑛𝑡ℎ
mode of vibration of the beam, noted 𝐹𝑛 ,

can be expressed as it follows [144]:

𝐹𝑛(𝜀𝑧𝑧) =
𝑛2𝜋2

𝐿2

√
𝐸𝑡 𝐼

𝜁𝜌𝐴

(
1 +

𝑓 𝐿2

𝑛2𝜋2𝐸𝑡 𝐼
+

𝑓

𝑘𝑠𝐺𝑡𝐴

)
, (2.13)
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Figure 2.8: Lamina propria fibrous microstructure influence on vibratory properties as functions of the

applied tensile strain 𝜀𝑧𝑧 : a) tangent longitudinal modulus 𝐸𝑡 , determined from the predicted nominal stress

𝑃𝑧𝑧 (REV1, see inset); b) tangent transverse shear moduli 𝐺𝑡𝑥𝑧 and 𝐺𝑡𝑦𝑧 (REV1); c) first three modal frequencies

in the planes of vibration (e𝑥 , e𝑧)- and (e𝑦 , e𝑧) (REV1); d) fundamental frequency 𝐹0 obtained for the three

structures REV1, REV2 and REV3 (blue-shaded area: human voice 𝐹0 range).

with

𝜁(𝜀𝑧𝑧) = 1 + 𝑛2𝜋2

(
𝐼

𝐴𝐿2

(
1 +

𝑓

𝑘𝑠𝐺𝑡𝐴

)
+ 𝐸𝑡 𝐼

𝑘𝑠𝐺𝑡𝐴𝐿2

)
, (2.14)

where 𝐿 = 𝐿0 e
𝜀𝑧𝑧

is the beam length, 𝐴 = 𝑤𝑥𝑤𝑦 its cross-section (𝑤𝑥 = 𝑤0𝑥 e
𝜀𝑥𝑥

,

𝑤𝑦 = 𝑤0𝑦 e
𝜀𝑦𝑦

), 𝑓 = 𝐴 𝜎𝑧𝑧 the applied longitudinal tension, 𝜌 the tissue density, 𝑘𝑠
the Timoshenko’s shear correction coefficient (𝑘𝑠 = 5/6 for a beam of rectangular

cross-section) and where 𝐸𝑡 is the longitudinal tangent modulus predicted by the

micro-mechanical model at 𝜀𝑧𝑧 (see Figure 2.8 a). Accounting for the orthotropic

properties of the lamina propria, two planes of vibration (e𝑥 , e𝑧) and (e𝑦 , e𝑧) were

considered thereafter. The beam’s second moment of inertia 𝐼 = 𝑤𝑥 𝑤3

𝑦/12 (resp.

𝑤𝑦 𝑤3

𝑥/12) and its predicted tangent shear modulus 𝐺𝑡 = 𝐺𝑡𝑥𝑧 (resp. 𝐺𝑡𝑦𝑧 ) were

varied accordingly (see Figure 2.8 b). Assuming 𝜌 = 1040 kg.m
−3

, 𝐿0 = 17 mm and
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𝑤0𝑥 = 𝑤0𝑦 = 1.5 mm [54, 144], the natural frequencies of the first three modes of

vibration (𝑛 = 1..3) were obtained, the latter modes being expected to account for

99% of the energy at the onset of vocal-fold self-oscillation [144]. Corresponding

predictions 𝐹1 < 𝐹2 < 𝐹3 are displayed in Figure 2.8 c for both planes of vibration.

The increase with the applied pre-strain 𝜀𝑧𝑧 is ascribed to the stiffening of 𝐸𝑡 (see

Figure 2.8 a). Additionally, the marked orthotropy of REV1 induces a significant

difference between 𝐹2 and 𝐹3 depending on the plane of vibration. It is worth

noticing that 𝐹1 is also referred to as 𝐹0, being, at a first approximation, the expected

acoustical fundamental frequency of vibration during phonation. A comparison of

𝐹0 predictions for REV1, REV2 and REV3 is reported in Figure 2.8 d. Regardless of

the considered configuration, a nonlinear evolution of 𝐹0 with the applied strain is

observed at all frequencies, in quantitative agreement with typical in vivo 𝐹0 data (50

– 1 500 Hz) [32, 152] and with former theoretical works based on the gold-standard

Gasser-Ogden-Holzapfel constitutive model [89, 144]. More importantly, the induced

effect of the initial fiber orientation on 𝐹0 is clearly highlighted.

2.5 Conclusion and future work

In this chapter, an idealized description of human vocal-fold sublayers, i.e., the lamina
propria and the vocalis, 3D fibrous architecture is initially proposed based on histological

evidence. Therefrom, a 3D micro-mechanical model for the vocal-fold tissues is developed

and identified on four experimental targets, i.e., two lamina propria and two vocalis samples.

Based on a single set of histo-mechanical parameters per sample, the present model is

not only able to reproduce its nonlinear and anisotropic behavior under key physiological

loadings (i.e., tension, compression, shear), but also to predict the underlying deformation

micromechanisms at the fiber scale, i.e., a complex and path-dependent combination of

3D fibers rotation, matrix/fibers deformation and interactions. These micromechanisms

are analyzed to clarify the inherited macroscopic tendencies. More specifically, this study

highlights the major role of the 3D fiber orientation in longitudinal tension, steric hindrance

in transverse compression and the matrix contribution in longitudinal shear. It is also

shown how a slight change in the histo-mechanical configuration can significantly alter

both the tissue monotonic and vibratory properties, affecting in turn vocal folds vibrations.

Further developments are needed to improve the proposed micro-mechanical model.

Although challenging to identify and quantitatively characterize, the introduction of

microscale time-dependent phenomena is required to account for viscoelastic effects

clearly exhibited experimentally, such as strain-rate sensitivity and hysteresis, typically

observed during cyclic loading. This is addressed in Chapter 3. Additionally, the mechanical

contribution of "active" myofibrils should be equally taken into account, so as to better

understand the relative contribution of the vocalis and the lamina propria in the regulation

of 𝐹0. Finally, damage mechanisms could be investigated by conveniently modifying the

constitutive laws at the fiber scale.





3
A fibril scale model for the finite strain
viscoelasticity of vocal-fold tissues

This chapter is based on an article in preparation for submission to the Journal of the
Mechanical Behavior of Biomedical Materials.
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3.1 Introduction

As described in Chapter 2, vocal folds vibratory properties are closely related to the

nonlinear and anisotropic mechanical behavior exhibited by their tissues, which is in

turn attributable to the micro-mechanisms of deformation occurring at the collageneous

fiber scale these tissues are made up of. A main focus was so far brought to the elastic

response of the vocalis and the lamina propria. This allowed to emphasize the role of these

micro-mechanisms upon finite strains, for quasi-static loading conditions. In the following,

another major component of the vocal-fold oscillations will be addressed, i.e., their damping

capacity.

By definition, damping refers to the dissipation of mechanical energy of a vibrating structure

to the surrounding environment [6]. Regardless of the structure examined, dissipation

usually arises from different components, such as: (i) internal dissipation of its constituents;

(ii) viscous damping due to the fluid the structure is surrounded by; (iii) dissipation due to

local deformation and friction at the boundaries where external constraints are applied, or

at the interfaces between different layers of the structure. During phonation, the damping

properties of the vocal folds can be typically evidenced at the end of a vocal emission [65]:

as illustrated in Figure 3.1, when the subglottal pressure drops and, thereby, the driving

force disappears, the energy dissipation occurring in the system leads to a gradual decrease

in the amplitude of the vocal-fold oscillations toward zero. To restore and maintain a steady

state of oscillation instead, a positive transfer of energy from the driving source (airflow) to

the vocal folds is required, so as to compensate for the energy lost in the damping (note

that in the absence of damping, oscillations could be self-sustained with a net zero energy

transfer) [64, 246, 252, 280]. The damping ratio, usually noted 𝜁, is a measure to describe

how the mechanical energy is dissipated in a vibrating system after a perturbation. This

dimensionless parameter defines the level of damping in the system relative to a critical

damping, i.e., the minimum value of damping that prevents the system from oscillating.

𝜁 can also be thought as the decay rate of the damped oscillations with respect to the

frequency. Depending on the given geometrical and mechanical configuration, the system

can be underdamped (𝜁 < 1), critically damped (𝜁 = 1) or overdamped (𝜁 > 1). A modal

damping ratio 𝜁𝑖 can also be considered for each mode mode 𝑖 of vibration.

Though of major importance to better understand the flow-induced vibrations of the vocal

folds and their transient dynamics, the (modal) damping ratio is rather difficult to identify

and to quantify in vivo. In the 2000s, Svec et al. proposed a procedure to measure the

frequency response of human vocal folds placed in a given prephonatory configuration

[237], as reported in Figure 3.1. Therefrom, the resonance frequencies of the vocal folds

𝐹𝑖 = 𝜔𝑖/2𝜋 and associated quality factors, 𝑄𝑖 = 1/2𝜁𝑖 , were extracted for each mode

𝑖, leading to an estimate of modal damping ratios of the vocal folds (in the prescribed

configuration). Alternatively to this rather delicate in vivo approach, several authors have

sought to characterize the time-dependent properties (among which the damping ratio)

of excised vocal folds. As for other soft biological tissues [114, 121, 139, 209, 210, 274],

the time-dependent responses exhibited: (i) a strain rate sensitivity of the stress-strain

behavior [54]; (ii) stress-relaxation at fixed strain up to a strain-dependent equilibrium state
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Figure 3.1: Experimental in vivo characterization of vocal-fold damping properties: a) videokymographic

images of a healthy male subject vibrating glottis obtained from high-speed video recorded at the end

of a breathy /a:/ vocal emission (left), corresponding vocal fold edges movements, computed from the

videokymograms (right); b) standard laryngostroboscopic image of the vocal folds in neutral phonatory

position (prephonatory configuration of the larynx to produce a frequency of about 110 Hz), and high-speed

videokymographic image (VKG) at the position marked in the standard recording (left), corresponding

frequency response function of the vocal folds (right). Adapted from [65, 237].

[216]; (iii) stress hysteresis with a non-negligible residual strain after cycling [39–41, 44,

45, 54, 143, 146, 254] . Therewith, during the 1980s, the damping ratio of the vocal folds

was first assessed on human larynges excised at autopsy (𝜁 ≈ 0.23) or surgery (𝜁 ≈ 0.33),

by releasing the vocal folds from a given displaced position and filming the decay of

oscillatory amplitude from cycle to cycle [240]. A higher damping obtained in the surgical

cases was explained by the formation of tissue edemas due to blood vessels ligation during

operations. Over the last twenty years, the viscoelastic properties of excised lamina propria
samples were mostly studied using either standard shear Dynamic Mechanical Analysis

(DMA) or Small-Amplitude Oscillatory Shear (SAOS), i.e., within the linear regime [39, 41,

44, 45, 146, 254], or, more recently, using Large Amplitude Oscillatory Shear (LAOS) [40].

As already detailed in Section 1.3.2, these experiments allowed to provide measurements of

storage and loss shear moduli (𝐺
′
and 𝐺”

) at frequencies up to 250 Hz. In the most recent

studies, the damping ratio (or so-called "loss factor") was determined as 𝜁 = 𝐺”/𝐺′
. It was

shown to decrease with the frequency, remaining below 1 past a critical zone around 50

Hz [41], close to 0.73, on average, in the usual phonatory range (100-250 Hz). However, in
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prior studies (limited to excitation frequencies of 0.01-15 Hz), this ratio was found much

lower, i.e., in the range 0.1-0.5 [44]. Such discrepancies may be ascribed to experimental

constraints when examining biological tissues (e.g., inter/intra-individual variability, small

number of specimens).

So as to better understand the obtained empirical data and the physical mechanisms

underlying the time-dependent and damping behavior of vocal folds, several viscoelastic

theories were adopted [45, 48, 130, 275–277]. Three main approaches are commonly reported

in previous studies:

• Low-dimensional lumped-element models, consisting in different combinations of elastic

and viscous elements (i.e., springs and dashpots). Based on the simplest combinations

(Maxwell and Kelvin-Voigt models), more sophisticated models (i.e., the Standard

Linear Solid Model or Zener model, the generalized Maxwell models and Prony

series) are obtained and used to capture the equilibrium state as well as one (or

more) rate-dependent networks acting in parallel. These models are motivated by the

experimental evidence of the existence of an equilibrium state attained in long-time

stress relaxation tests. They also represent a reference for the characterization of

elastomers time-dependent behavior [97, 136–138, 221, 222].

• The quasi-linear viscoelastic theory (QLV), originally proposed by Fung [87] to model the

stress relaxation of soft biological tissues, and applied to oscillatory shear deformation

by Chan and Titze [45].

• The statistical network theory, largely used for the rheological modeling of polymeric

materials [45].

Among the pioneer works proposed to relate the parameters of these viscoelastic models

to measurable histological evidence [275–277], the lumped-element approach is often

chosen, considering one hyperelastic time-independent equilibrium network in parallel

with one (or more, usually two) time-dependent inelastic network(s) (see Section 1.3.2).

This is ascribable to the common statement according to which, in soft biological tissues,

the equilibrium structural component is commonly driven by the fibrous proteins (collagen

and elastin), whereas the viscous contribution is inherited from interstitial proteins and

their interactions with the surrounding fibrous components [42, 44, 46, 47, 95, 96, 109,

161, 193, 194, 212]. However, to date, no specific assumption was formulated as to the real

physical and mechanical contribution of collagen, elastin or interstitial protein molecules to

any of the networks considered in the model. The current understanding of the multiscale

phenomena responsible for the macroscopic time-dependent mechanical response of the

vocal folds remains therefore unclear.

Thereby, the objective of this chapter is to propose a micro-mechanical model able to

reproduce the macroscopic nonlinear and time-dependent mechanical behavior of the

vocal fold sublayers. For that purpose, it is proposed to introduce micro-structural time-

dependent effects to the hyperelastic network formulation developed in Chapter 2: from

a heuristic standpoint, fibril bundles (un)folding and steric interactions are conceived as

generalized Zener elements with non-linear solid elasticity and viscoelasticity (see Figure

3.2). Based on the literature biomechanical data obtained from experimental studies using
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SAOS and LAOS techniques, as well as quasi-static but multiaxial loadings, the model

suitability to predict the time-dependent multiscale mechanics of the vocal fold sublayers

is highlighted and discussed.

Figure 3.2: Vocal-fold tissue sublayers viscoelastic modeling. Histo-mechanical correspondence fiber-bar

for the lamina propria, conceived as viscoelastic fiber bundles of 𝑛 collagen fibrils (in orange).

3.2 Model formulation

Recall of the hyperelastic micro-mechanical model - In Chapter 2 the microstructure of

the lamina propria (with a collagen fibril content Φ) and the vocalis (with collagen fibril

and myofibril content of Φ𝑐 and Φ𝑚 , respectively, such that Φ = Φ𝑐 +Φ𝑚) were idealized

as organized networks of bars obtained by the periodic repetition of a REV (composed

of four bars connected at one node 𝐶0, see Figure 2.2 a for more details). Each bar 𝑖

of initial (resp. current) orientation E𝑖 (resp. e𝑖 = F · Ei/||F · E𝑖 | |) and length 𝑙0 (resp.

𝑙𝑖 = 𝑙0 | |F · Ei | |), was the schematic representation of wavy fibril bundles (see Figure 3.2). In

the case of the lamina propria, each bundle was supposed to be an assembly of 𝑛 identical

and parallel collagen fibrils (of diameter 𝑑0, initial length 𝑙
𝑓
𝑜 , initial tortuosity 𝜉0 = 𝑙

𝑓

0
/𝑙0)

characterized by a waviness of a dozen monomodal sinusoïds (wave amplitude 𝐻0 and

spatial periodicity 𝑅0, 𝑙0 = 10 𝑅0). Similarly, for the vocalis, each bundle was constituted

by an assembly of parallel myofibrils (of diameter 𝑑0𝑚 , initial tortuosity 𝜉0𝑚 , with wave

amplitude 𝐻0𝑚 and spatial periodicity 𝑅0𝑚 , and initial 𝑙0 = 10𝑅0𝑚) surrounded by a sheath

of collagen fibrils (of diameter 𝑑0𝑐 , initial tortuosity 𝜉0𝑐 , with wave amplitude 𝐻0𝑐 and

spatial periodicity 𝑅0𝑐). Furthermore, fibril bundles are embedded in a ground substance
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of HA, elastin fibrils, water and cells. Regardless of the considered tissue, the mechanical

behavior of the ground substance, significantly far away from the fibril bundles, was

thought as that of an incompressible neo-Hookean medium with a strain energy function

𝑊 = 0.5𝜇(1−Φ)(tr(F ·F𝑇)−3), where 𝜇 is the ground substance shear modulus. In addition,

during the deformation of the lamina propria (resp. the vocalis): (i) the stretching or the

compression of each fibril 𝑖 of a bundle generates a reaction force t𝑖 = 𝑡𝑖e𝑖 (resp. t𝑖𝑚 = 𝑡𝑖𝑚e𝑖
and t𝑖𝑐 = 𝑡𝑖𝑐e𝑖); (ii) the motion of the node 𝐶0 is hindered by steric hindrance with its

(unconnected) neighbours 𝐶𝑞 . These interactions are characterized by repulsive forces

r𝑞 = 𝑟𝑞e𝑞 triggered once the distance between 𝐶0 and the neighboring nodes 𝐶𝑞 , i.e., 𝛿𝑞 ,
exceeds a critical distance 𝛿𝑐 (see Figure 2.2 a).

As detailed in Chapter 2, the macroscopic Cauchy stress tensor 𝛔 resulting from the

aforementioned assumptions can be written as:

𝛔 = −𝑝𝛅 + 𝛔𝑚 + 𝛔 𝑓 + 𝛔𝑠 (3.1)

where 𝑝 is the incompressibility term (pressure), 𝛅 the identity tensor, 𝛔𝑚 = F · (𝜕𝑊/𝜕F)𝑇
the ground substance (or matrix) stress contribution, and where 𝛔 𝑓 and 𝛔𝑠 are the

stress contributions attributable to the (un)folding of fibrils and their steric interactions,

respectively. These latter contributions can be expressed as:

𝛔 𝑓 =
Φ

𝜋𝑑2

0
𝜉0

𝑁∑
𝑖=1

𝑡𝑖𝜆𝑖 e𝑖 ⊗ e𝑖 (3.2)

and

𝛔𝑠 =
Φ

𝜋𝑑2

0
𝜉0

𝑀∑
𝑞=1

𝑟𝑞𝛿
∗
𝑞 e𝑞 ⊗ e𝑞 (3.3)

for the lamina propria, where 𝜆𝑖 =
ℓ𝑖
ℓ0

and 𝛿∗𝑞 = 𝛿𝑞/ℓ0, and:

𝛔 𝑓 =
Φ𝑐

𝜋𝑑2

0𝑐
𝜉0𝑐

𝑁∑
𝑖=1

𝑡𝑖𝑐𝜆𝑖 e𝑖 ⊗ e𝑖 +
Φ𝑚

𝜋𝑑2

0𝑚
𝜉0𝑚

𝑁∑
𝑖=1

𝑡𝑖𝑚𝜆𝑖 e𝑖 ⊗ e𝑖 (3.4)

and

𝛔𝑠 =

(
Φ𝑐

𝜋𝑑2

0𝑐
𝜉0𝑐

+ Φ𝑚

𝜋𝑑2

0𝑚
𝜉0𝑚

)
𝑀∑
𝑞=1

𝑟𝑞𝛿
∗
𝑞 e𝑞 ⊗ e𝑞 (3.5)

for the vocalis.

In Chapter 2, it was assumed that the whole algebraic expression of forces involved in the

last set of equations, namely 𝑡𝑖 , 𝑡𝑖𝑚 , 𝑡𝑖𝑐 and 𝑟𝑞 were nonlinear elastic (hyperelastic) functions

of their respective strains 𝜀𝑖 = ln 𝑙𝑖/𝑙0, 𝜀𝑖𝑚 =𝜀𝑖 , 𝜀𝑖𝑐 =𝜀𝑖 and 𝜀𝑞 = ln (𝛿𝑞/𝛿𝑐), i.e., 𝑡𝑖 = 𝑡𝑒
𝑖
(𝜀𝑖),

𝑡𝑖𝑚 = 𝑡𝑒
𝑖𝑚
(𝜀𝑖𝑚), 𝑡𝑖𝑐 = 𝑡𝑒

𝑖𝑐
(𝜀𝑖𝑐) and 𝑟𝑞 = 𝑟𝑒𝑞(𝜀𝑞). Hence, the two following expressions were
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proposed for the collagen fibrils of the lamina propria:

𝑡𝑒𝑖 =
𝜋𝑑2

0

4

[
𝐸𝑒𝑞0𝜀𝑖 +

𝐸 𝑓 − 𝐸𝑒𝑞0

2

(
𝜀𝑖 +

√
(𝜀𝑖 − ln 𝜉0)2 + 𝛼2 −

√
ln

2 𝜉0 + 𝛼2

)]
(3.6)

when they are stretched and

𝑡𝑒𝑖 =
𝜋𝑑2

0

4

𝐸𝑒𝑞0𝜀𝑖 (3.7)

when subjected to compression. In the aforementioned expressions,𝐸𝑒𝑞0 = 𝐸 𝑓 ⟨cos 𝛽0⟩ /[
〈
cos

2 𝛽0

〉
+

16

〈
𝑣2

〉
/𝑑2

0
], ⟨·⟩ = 1

ℓ0

∫ ℓ0

0

· 𝑑𝑢,

〈
𝑣2

〉
= 𝑅2

0
/2 and 𝛽0 = arctan(2𝜋 𝑅0

𝐻0

cos
2𝜋
𝐻0

𝑢) [211] . They

imply the Young’s modulus of collagen fibrils 𝐸 𝑓 and a curvature coefficient 𝛼 that ensures,

during fibril unfolding, the transition between bending- and stretching-dominated regimes.

Similar expressions were proposed for the vocalis, by replacing: (i) 𝑡𝑒
𝑖𝑚

parameters 𝑑0, 𝐸 𝑓 ,

𝜉0, 𝛼, 𝑅0 and 𝐻0 by 𝑑0𝑚 , 𝐸 𝑓 𝑚 , 𝜉0𝑚 , 𝛼𝑚 , 𝑅0𝑚 and 𝐻0𝑚 for myofibrils; (ii) 𝑡𝑒
𝑖𝑐

parameters 𝐸 𝑓 ,

𝜉0, 𝛼, 𝑅0 and 𝐻0 by 𝐸 𝑓 𝑐 , 𝜉0𝑐 , 𝛼𝑐 , 𝑅0𝑐 and 𝐻0𝑐 for collagen fibrils. As far as steric interactions

are concerned, it was assumed that

𝑟𝑒𝑞 = 𝛽 𝐻(𝜀𝑞) 𝜀3

𝑞 (3.8)

where 𝐻 is the Heaviside function and where 𝛽 is a phenomenological parameter of

interaction.

This hyperelastic formulation already proposed in Chapter 2, adjusted to appropriate

biomechanical data and identified using relevant microstructural descriptors from histolog-

ical evidence, allowed to capture "first order", reversible responses of the lamina propria and

vocalis sublayers for various physiological representative loading modes, i.e., tension along

the main fibril preferential orientation, transverse compression and longitudinal shear.

Model limitation - Based on a time-independent physical formulation, the previous micro-

mechanical model is not able to encompass time-dependent effects, yet, peculiar to soft

tissues [114, 121, 139, 209, 210, 274], exhibiting strain rate sensitivity, stress relaxation and

stress hysteresis upon cycling. Time-dependency is often speculated to be induced by the

different proteins and/or shorter molecules the fibrils and/or the ground substances are

made of, together with their various colloidal interactions. When deformed, these molecular

scale systems exhibit finite characteristic relaxation times and dissipation mechanisms [91,

194] that are not taken into account by hyperelastic formulations.

Viscoelastic micro-mechanical model - An appropriate quantification of these complex

time-dependent processes would require molecular scale analyses using statistical physics

or numerical simulations employing Molecular Dynamics tools [90]. Here, in a first

approximation, it was considered a heuristic approach at the fibril and fibril bundle scales

to account for these time-dependent effects (see Figure 3.2).

Thereby, the following force decomposition, written along each material director e𝑖 which

is convected with the macroscopic transformation gradient F, was adopted to model the

time-dependent effects occurring during the stretching (or the compression) of a fibril
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(induced both by the fibril deformation itself and its interactions with the other fibrils or

the surrounding ground substance):

𝑡𝑖 = 𝑡𝑒𝑖 + 𝑡𝑣𝑒𝑖 (3.9)

where the hyperelastic contribution 𝑡𝑒
𝑖

corresponds to Eq. (3.7) and represents the “neutral”

response of the fibrils when the system attains its “relaxed” equilibrium state. Conversely,

the viscoelastic tension-compression contribution 𝑡𝑣𝑒
𝑖

accounts for the aforementioned

effects. It was assumed that these phenomena can be reproduced by a nonlinear Maxwell

model:

¤𝑡𝑣𝑒𝑖 + 𝐸

𝜂
𝑡𝑣𝑒𝑖 = 𝐸𝑠0

¤𝜀𝑖 (3.10)

where 𝑠0 = 𝜋𝑑2

0
/4 is the collagen fibril cross section, ¤𝜀𝑖 = e𝑖 · L · e𝑖 is the fibril stretch-

compression strain rate, L the macroscopic velocity gradient tensor, and where 𝐸 and 𝜂 are

the elastic modulus and the viscosity of the Maxwell model, respectively. An analogous

formulation was proposed for the (myo)fibrils of the vocalis, by replacing 𝑡𝑣𝑒
𝑖

, 𝐸, 𝜂 and

𝑠0 by 𝑡𝑣𝑒
𝑖𝑐

and 𝑡𝑣𝑒
𝑖𝑚

, 𝐸𝑐 and 𝐸𝑚 , 𝜂𝑐 and 𝜂𝑚 , 𝑠0𝑐 and 𝑠0𝑚 for the collagen fibrils and the

myofibrils, respectively. Therewith, it is worth noticing that the vocal-fold tissues exhibit

several relaxation times over a wide range of strain rates, experimentally observed at the

macroscale [40, 41, 44, 45]. In particular, SAOS studies [41] report Carreau-like evolutions

of the complex viscosity of the lamina propria with the shear rate. These findings were taken

into consideration assuming that:

𝜂 = 𝜂0

©­­«1 + ©­«
¤𝜀 −

¤𝑡𝑣𝑒
𝑖

𝐸𝑠0

¤𝜀0

ª®¬
2ª®®¬

𝑛−1

2

(3.11)

where 𝜂0 is the viscosity of the Newtonian regime, ¤𝜀0 is the strain rate transition between

the Newtonian regime and the thinning one, and 𝑛 is the power-law index driving thinning

effects at high strain rates. In the absence of available experimental data at the fibril scale for

the vocalis, it was assumed, for the sake of simplicity, that: (i) analogous considerations are

applicable to muscular collagen fibrils and myofibrils; (ii) 𝐸0𝑐 = 𝐸0𝑚 = 𝐸, 𝜂0𝑐 = 𝜂0𝑚 = 𝜂0,

¤𝜀𝑐0 = ¤𝜀𝑚0 = ¤𝜀0, 𝑛𝑐 = 𝑛𝑚 = 𝑛.

An equivalent decomposition was applied to the steric reaction forces between fibril

bundles, expressed with respect to the relative material reference frame e𝑞 :

𝑟𝑞 = 𝑟𝑒𝑞 + 𝑟𝑣𝑒𝑞 (3.12)

where the hyperelastic term 𝑟𝑒𝑞 is given by Eq. (3.8), and where the viscous contribution

can be determined by means of the following Maxwell equation:

¤𝑟𝑣𝑒𝑞 + 𝐸′

𝜂′
𝑟𝑣𝑒𝑞 = 𝐸′ 𝑠0

¤𝜀𝑞 (3.13)

The viscosity 𝜂′ is similarly assumed to be a Carreau function of the corresponding steric
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strain rate:

𝜂′ = 𝜂′
0

©­­«1 + ©­«
¤𝜀𝑞 −

¤𝑟𝑣𝑒𝑞
𝐸′𝑠0

¤𝜀′
0

ª®¬
2ª®®¬

𝑛′−1

2

(3.14)

where 𝜂′
0

is the viscosity of the Newtonian regime, ¤𝜀′
0

is the strain rate transition between

the Newtonian and the thinning regime, and 𝑛′
is the power-law index driving thinning

effects at high strain rates. For the sake of simplicity, it was assumed that 𝑛′ = 𝑛.

In conclusion, the proposed micro-mechanical model can be simplistically thought as the

imbrication of two nonlinear Zener model networks embedded in a hyperelastic matrix,

where the first network aims at modeling the visco-hyperelastity of fibril bundles, whereas

the second one accounts for the visco-hyperelastic steric interactions. The constitutive

parameters of these symbolic operators were mostly fed by histological and histo-mechanical

data extrapolated from the literature. In the absence of accessible fibril scale information,

the parameters were phenomenologically deduced from macroscopic data. The micro-

mechanical parameters of the model are listed hereafter for the lamina propria (resp. the

vocalis) grouped into different categories as it follows:

• Histological parameters – The content of collagen fibrils Φ (resp. Φ𝑐 and Φ𝑚), their

initial orientation (𝜃0 and 𝜑0), diameter 𝑑0 (resp. 𝑑0𝑐 and 𝑑0𝑚), initial waviness of

spatial periodicity 𝐻0 (resp. 𝐻0𝑐 and 𝐻0𝑚) and wave amplitude 𝑅0 (resp. 𝑅0𝑐 and

𝑅0𝑚) and initial tortuosity 𝜉0 (resp. 𝜉0𝑐 and 𝜉0𝑚), determined from the initial spatial

periodicity and wave amplitude.

• Histo-mechanical parameters – The fibril elastic modulus𝐸 𝑓 (resp.𝐸 𝑓 𝑐 and𝐸 𝑓 𝑚), the tran-

sition parameter 𝛼 (resp. 𝛼𝑐 and 𝛼𝑚) between the bending- and tension-dominated

fibrils unfolding regimes, the shear modulus of the ground substance 𝜇.

• Phenomenological micro-mechanical parameters – The interaction critical distance 𝛿𝑐 and

coefficient 𝛽, as well as the viscoelastic parameters 𝐸, 𝜂0, ¤𝜀0, 𝑛 and 𝐸′
, 𝜂′

0
, ¤𝜀′

0
.

3.3 Model identification

3.3.1 Experimental database

The relevance of the proposed micro-mechanical model was assessed by the comparison of

numerical predictions to pertinent biomechanical data recently acquired on various human

vocal-fold tissues:

• In order to assess the relevance of the model within the linear visco-elastic regime,

the data collected by Chan and Rodriguez [41] were initially considered: human

vocal-fold "cover" specimens (i.e., assembly of epithelium and superficial sublayer (SL)

of the lamina propria) were excised from 7 donors (2 females and 5 males), between
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53 and 88 years-old (mean age was 67). The post-mortem time of the collected tissues

varied from 3 to 20 hours prior testing (mean time was 10 hours). Excised tissues

were subsequently subjected to Small Amplitude Oscillatory Shear (SAOS) using

a simple-shear rheometer at physiological conditions (at 37
◦
C and 100% relative

humidity). An oscillatory shear strain 𝛾𝑧𝑥 = 𝛾0 sin(2𝜋 𝑓 𝑡) of small amplitude (i.e.,
𝛾0 = 0.01, linear regime) at a frequency 𝑓 ranging from 1 to 250 Hz was applied in

the longitudinal plane (e𝑧 , e𝑥).

• The model suitability to reproduce time-dependent responses outside of the linear

viscoelastic regime, was investigated with respect to the biomechanical data reported

by Chan [40]. The author subjected a 60 year old male cover to Large Amplitude

Oscillatory Shear (LAOS) by means of a simple-shear rheometer, applying several

increasing strain amplitudes 𝛾0 = [0.05, 0.1, 0.2, 0.5, 1] along the longitudinal plane

(e𝑧 , e𝑥) at a frequency 𝑓 = 75 Hz. Only stabilized LAOS responses at fixed values of

𝛾0 were provided, not reporting the whole loading history.

• The relevance of the model to predict vocal fold layers multiaxial cyclic responses upon

finite strains was finally assessed comparing numerical predictions to biomechanical

data obtained by Cochereau et al. [54], previously mentioned in this study (see

Chapter 2). In this respect, the same couples of lamina propria (LP1 and LP2) and vocalis
(V1 and V2) samples were considered. Each sample was sequentially subjected to a

series of finite strain and cyclic physiological loadings, i.e., longitudinal tension along

e𝑧 , transverse compression along e𝑥 , and longitudinal shear in the longitudinal plane

(e𝑧 , e𝑥). Samples were respectively loaded-unloaded (to zero) upon finite (Hencky)

𝜀𝑚𝑎𝑥
𝑧𝑧 , 𝜀𝑚𝑖𝑛

𝑥𝑥 and shear 𝛾𝑚𝑎𝑥
𝑧𝑥 strains, at constant strain rates | ¤𝜀𝑧𝑧 |, | ¤𝜀𝑥𝑥 | and | ¤𝛾𝑧𝑥 | of ≈ O

10
−3

s
−1

. Ten of these loading-unloading sequences were carried out.

3.3.2 Optimization protocol

Similarly to Chapter 2, the following optimization protocol was used to determine the

optimal sets of constitutive parameters for each of the considered tissues subjected to the

aforementioned loading conditions (SAOS, LAOS, and the multiaxial cyclic loading):

(i) Initial guesses of the histological and elastic parameters - SAOS and LAOS data initial

guesses of histological and elastic parameters were initialized and bounded withing

the following physiological corridors reported in the literature: Φ ∈ [0.15 ; 0.55],
𝑑0 ∈ [10 nm ; 500 nm], 𝐻0 ∈ [10 µm ; 70 µm], 𝑅0 ∈ [1 µm ; 10 µm], 𝜃0 ∈ [0◦ ; 50

◦],
𝜑0 ∈ [20

◦
; 90

◦], 𝐸 𝑓 ∈ [1 MPa ; 1000 MPa], 𝜇 ∈ [1 Pa ; 1500 Pa]. The strictly positive

parameter 𝛼 was let free. Furthermore, confirming what already emphasized in

the previous chapter, steric interactions were not triggered during simple shear:

the parameters 𝛽 and 𝛿𝑐 were thus not determined for the SAOS and LAOS data.

Conversely, the already optimized values determined in Chapter 2 were used for

multiaxial cyclic data, for both the lamina propria and the vocalis samples.
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(ii) Initial guesses of visco-elastic parameters - Regardless of the considered experimen-

tal data, the optimization of the strictly positive parameters 𝐸, 𝐸′
, 𝜂0, 𝜂′

0
, ¤𝜀0 and ¤𝜀′

0

was let free of constraints (please note that 𝐸′
, 𝜂′

0
and ¤𝜀′

0
could not be determined for

SAOS and LAOS as steric interactions were not activated). Furthermore, the thinning

power-law exponent 𝑛 was fitted on the SAOS data: in the absence of experimental

data, the determined value was used throughout the current study.

(iii) Optimization - Similarly to what reported in Chapter 2, a least-squared approach

based on the nonlinear constraint optimization reported in Chapter 2 was used

to minimize the discrepancies between theoretical and experimental stress tensors

(or rheological functions, i.e., 𝐺′, 𝐺”, 𝜇′
, for the SAOS data) for the considered

macroscopic loadings. Accounting for the complexity of the optimization problem,

the uniqueness of the solution could not be established. The computation of the

time-dependent stress tensors predicted by the micro-mechanical model was carried

out using the upscaling algorithm reported in Figure 3.3 for 𝛔 𝑓 (a specular algorithm

applies to 𝛔𝑠). In particular, the time-integration of the implicit non-linear Maxwell

differential equations (3.10) and (3.13) was possible using the ode15i solver already

implemented in Matlab (Matlab R2020b), a variable-step, variable-order (VSVO)

solver based on the backward differentiation formulas (BDFs) of orders 1 to 5 [232].

Figure 3.3: Schematic flowchart of the upscaling algorithm employed to compute the time-dependent

stress tensor 𝛔 𝑓 .

Due to the presence of viscous terms, differently from Chapter 2, boundary conditions

can not be expressed in an analytical closed-form anymore. A coupling algorithm was

therefore recursively employed at each ℎ−iteration, based on the following classical

staggered scheme [75, 183, 187]:
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Coupling algorithm staggered scheme

FOR ℎ = 1 : ℎ𝑚𝑎𝑥

WHILE |Fℎ(𝑡) − Fℎ(𝑡 − 1)| < 𝑡𝑜𝑙𝑙 AND |𝛔ℎ(𝑡) − 𝛔ℎ(𝑡 − 1)| < 𝑡𝑜𝑙𝑙

Fℎ(𝑡 + 1) = 𝑓 (𝛔ℎ(Fℎ(𝑡)) = 0)
𝛔ℎ(𝑡 + 1) = 𝛔ℎ(Fℎ(𝑡 + 1))
𝑡 = 𝑡 + 1

END

END

The iteration convergence tolerance was set equal to 1𝑒 − 4.

3.4 Results and discussion

The optimized values of the model parameters as well as the macro and microscale

theoretical predictions are presented hereafter for each considered loading case.

3.4.1 SAOS

Histo-mechanical parameters - To reproduce the mean SAOS data obtained by Chan and

Rodriguez [41], the following optimized sets of histological, elastic and viscous parameters,

reported in Table 3.1, Table 3.2 and Table 3.3, respectively (the averaged cover target is

noted C𝑆𝐴𝑂𝑆 hereinafter), were obtained.

Sample C 𝜃0 (◦) 𝜑0 (◦) 𝐻0 (𝜇m) 𝑅0 (𝜇m) 𝑑0 (𝜇m) Φ 𝜉0

C𝑆𝐴𝑂𝑆 10.5 83.7 34.5 7.3 0.21 0.30 1.34

C𝐿𝐴𝑂𝑆 32.6 65.7 45 4.5 0.23 0.30 1.11

Table 3.1: Set of histological parameters identified for cover samples C𝑆𝐴𝑂𝑆 and C𝐿𝐴𝑂𝑆. Gray-colored

columns refer to quantities computed as a function of the determined histological parameters.

Sample C 𝐸 𝑓 (MPa) 𝜇 (Pa) 𝛼 𝛽 (N) 𝛿𝑐 (𝜇m)
C𝑆𝐴𝑂𝑆 720 31 1.6 10

−3
- -

C𝐿𝐴𝑂𝑆 720 30 4.6 10
−3

- -

Table 3.2: Set of mechanical elastic parameters for cover samples C𝑆𝐴𝑂𝑆 and C𝐿𝐴𝑂𝑆.

Sample C 𝐸 (MPa) 𝜂0 (MPa s) ¤𝜀0

(
s
−1

)
𝐸′ (MPa) 𝜂′

0
(MPa s) ¤𝜀′

0

(
s
−1

)
C𝑆𝐴𝑂𝑆 3.68 1.56 2.1 10

−3
- - -

C𝐿𝐴𝑂𝑆 4.19 1.14 1.9 10
−3

- - -

Table 3.3: Set of mechanical viscous parameters for cover samples C𝑆𝐴𝑂𝑆 and C𝐿𝐴𝑂𝑆.

When compared to the set of histological parameters identified on the entire lamina propria
samples considered in Chapter 2 (see LP𝑖 samples in Table 2.1), three main microstructural
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changes can be pointed out at the collagen fibril scale (in addition to inter-individual

variability):

1. The collagen content Φ decreased from ≈ 0.47 for the LP𝑖 samples down to ≈ 0.30 for

C𝑆𝐴𝑂𝑆. This finding is consistent with prior experimental evidence and shows that

the first sublayer beneath the epithelium (SL, also called Reinke’s space) exhibits a fibril

content lower than that found in the intermediate (IL) and the deep (DL) sublayers

[15, 105]. The main reason behind such a difference is related to the fact that both the

IL and the DL sublayers (forming the so-called "vocal ligament") are considered as

the primary load-bearing portion of the vocal fold, and are thus likely to endure the

highest collision stresses during phonation [102, 241]. The identifications obtained

in Table 2.1 (entire LP𝑖 samples) and Table 3.1 (cover C𝑆𝐴𝑂𝑆) support therefore the

assumption accoding to which regions exposed to higher stresses in the vocal tissue

exhibit a higher density of collageneous fibrils, produced to strengthen the ECM [96,

142].

2. The optimal collagen fibril diameter 𝑑0 in the cover is close to 200 nm, instead of

400 nm in the entire LP𝑖 samples. Such decrease may be justified by the variation of

fibril diameter based on the collagen type (typical values from 10 nm to 500 nm), and

by previous data quantifying the distribution of thin, intermediate and thick fibers

across the lamina propria. In particular, Mu𝑛̃oz-Pinto et al. [197] show that the content

of thin fibrils decreases steadily and around 10-fold from SL to DL layers. Conversely,

the content of thick fibrils was found to increase steadily and around 15-fold from SL

to DL layers.

3. For C𝑆𝐴𝑂𝑆, the fibril tortuosity 𝜉0 at rest is found 20% higher than that estimated for

the LP𝑖 samples. This appears to be consistent with previous observations showing

that the IL sublayer of the lamina propria is characterized by a dense network of

straighter ECM fibrils compared with that of other sublayers [15, 147].

Comparing the elastic parameters reported in Table 2.2 (Chapter 2, entire LP𝑖 samples) with

those shown in Table 3.2 (cover C𝑆𝐴𝑂𝑆), a major difference is noticed for the shear modulus

𝜇, reflecting the mechanical contribution of cells, elastin and ground substance and which

is nearly 10-fold lower for the cover sample. The identified value stands here in the range

of the elastic shear modulus of hyaluronic acid 𝜇𝐻𝐴 ≈ 20-50 Pa (estimated at low loading

frequencies, up to 10 Hz) [115], i.e., the most abundant polymer of the ground substance in

the lamina propria. Known to play a key role in shock absorption during vocal-fold collisions,

this component is much more present in SL than in DL. The discrepancy found in 𝜇-values

in Table 2.2 and Table 3.2 may therefore be ascribed to the notably scarcity of elastin fibrils

in the SP layer (and thereby, in the cover) in elderly tissues [218].

Regarding the mechanical viscoelastic parameters (see Table 3.3), the identification proce-

dure led to rather small fibril scale relaxation times, i.e., 𝜏 = 𝜂0/𝐸 ≈ 0.42 s at the lowest

frequencies. To the author’s knowledge, very few experimental data are available at this

scale to support and corroborate the relevance of the obtained optimal parameters. Among

these (rare) reference data, Shen et al. [90, 234] report typical viscosity of solvated collagen
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fibrils in the range of 90–1 630 MPa s, and typical relaxation times in the range of 7–102 s

(see Figure 1.13 b and Figure 1.13 e). It is interesting to note that Yang [272] measured two

distinct processes contributing to the stress relaxation behavior of native collagen fibrils

immersed in PBS buffer and subjected to 5-7% strain for 5-10 min: a fast relaxation process

with a characteristic time 𝜏1 ≈ 1.8 ± 0.4 s and a slow relaxation process with 𝜏2 ≈ 60 ± 10 s.

Yang proposed that 𝜏1 corresponds to the relative sliding of collagen microfibrils, while

𝜏2 refers to the relative sliding of collagen molecules (due to the high level of cross-links

between molecules). The optimization of the present model led to relaxation times close to

the time 𝜏1 measured by Yang [272].

Figure 3.4: SAOS results: evolution of the a) storage 𝐺′
and loss 𝐺” moduli, b) damping ratio 𝜁 and

c) dynamic viscosity 𝜇′
(real part of the complex DMA viscosity) as a function of the frequency 𝑓 . The

macroscale model predictions are compared to the experimental data acquired by Chan and Rodriguez [41]

on 7 human vocal-fold "cover" specimens (strain amplitude of 1%, the averaged data and standard deviations,

upper error bars, of the seven specimens are reported). Red-shaded area in a): frequency range within which

a crossover regime is expected to occur. Panel d) finally displays the predicted fibril strain-tension curves at

frequencies 𝑓 ranging from 50 to 1000 Hz.

Multiscale predictions - A comparison between macroscale predictions and corresponding
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experimental data is provided by Figure 3.4. Panel a) displays the storage and loss shear

moduli 𝐺
′

and 𝐺”
(mean values over the 7 specimens) as a function of the excitation

frequency 𝑓 , panel b) the damping ratio 𝜁 = 𝐺”/𝐺′
, and panel c) the dynamic viscosity 𝜇′

.

Model predictions were extended up to 𝑓 = 1 kHz. The evolution of the fibril tension 𝑡𝑖
with respect to the mean fibril strain 𝜀𝑖 upon cycling at different frequencies 𝑓 is finally

shown in panel d). Different trends can be highlighted at both scales:

• A satisfying quantitative agreement is obtained between macroscale model predic-

tions and experimental data for the storage and the loss moduli (see panel a). In

particular, the "cross-over" area around 50–100 Hz (red-shaded area in panel a) is well

captured by the model. Below (resp. above) this region, 𝐺′ < 𝐺′′
(resp. 𝐺

′
> 𝐺

′′
),

which indicates predominant fluid-like (resp. solid-like) properties at low (resp. high)

frequencies. For polymers or gels, this transition is related to the molecular weight,

the spatial distribution and the degree of entanglement of macromolecular chains [16,

76]. Due to the major role of the deformation of the ground substance in longitudinal

shear (see Chapter 2), similar mechanisms are expected to occur here. As emphasized

in panel d), these mechanisms should be additionally combined with the cyclic

stretching-compression of collagen fibrils and their interactions with the molecules

of the ground substance.

• The damping ratio 𝜁 = 𝐺′′/𝐺′
is similarly rather well predicted by the micro-

mechanical model, as illustrated in panel b). Below the “cross over” area, both

experimental data and predicted results exhibit a practically constant overdamped

behavior of the tissues. The situation significantly differs above “cross over” area,

i.e., within the standard voice frequency regime, where the tissue shows an under-

damped response with a power-law decrease of the damping ratio with the frequency.

• As displayed in panel c), the monotonic decrease of the dynamic viscosity 𝜇′
with 𝑓 is

also satisfyingly predicted. This significant decrease, which emphasizes a noticeable

shear-thinning of the tissues, is probably ascribed to frequency-evolving deformation

and rearrangement mechanisms occurring at the fibril scale, as already noticed for

the storage and loss moduli.

• A closer inspection of panel d) shows that the micro-mechanical model predicts an

increase of the fibril elastic contribution with 𝑓 (see Figure 3.4 d). For example, at

the lowest frequency 𝑓 = 50 Hz, a marked viscous plateau is reached by the fibril

tension magnitude |𝑡𝑖 | after loading, with an important residual strain |𝜀𝑟
𝑖
| after

unloading. On the contrary, the tension plateau is not observable anymore at the

highest frequency 𝑓 = 1 kHz, registering both an increase of |𝑡𝑖 | and a decrease

of |𝜀𝑟
𝑖
|. This trend is mainly ascribed to the viscoelastic term 𝑡𝑣𝑒

𝑖
of the nonlinear

Maxwell fibril model. Indeed, when increasing 𝑓 from 50 Hz to 1 kHz, the duration

of the fibril loading decreases from 6.10
−1

s, i.e., close to the relaxation time at 50 Hz

(≈ 0.42 s), down to 5.10
−4

s, which is significantly lower than the relaxation time at

1 kHz (≈ 0.01 s). Thus, increasing the frequency leads to a restraint of the viscous

contribution. These phenomenological fibril scale trends should be related to the
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complex fibrous architectures of the considered tissues and to their time-dependent

deformation and rearrangement processes in order to get a further insight with

this respect. It is worth noticing that these processes should occur at the molecular

scale. Truly: (i) panel d) shows that the mean fibril tension-compression strain, and

corresponding (un)folding, is considerably small (< 6 10
−4

); (ii) fibrils rotation (not

shown here) remains negligible for the considered loading mode.

Figure 3.5: SAOS results: parametric evolution of the a) storage 𝐺′
and b) loss 𝐺” moduli, c) damping ratio

𝜁, d) dynamic viscosity 𝜇′
as a function of the collagen fibrils volume fraction Φ varied within physiological

boundaries.

Finally, Figure 3.5 illustrates the impact of the collagen volume fraction Φ on the aforemen-

tioned theoretical predictions.Φwas parametrically varied within physiological boundaries

to simulate three relevant situations: the assumption of nearly no collagen fibers within the

vocal-fold cover (Φ ≈ 0), close to a homogeneous isotropic neo-hookean material owning

the same mechanical properties as the respective matrix; a volume fraction equal to the

minimal (resp. maximal) value of the corridor identified from the literature in the lamina



3 A fibril scale model for the finite strain viscoelasticity of vocal-fold tissues 91

propria, i.e., Φ = 0.15 (resp. Φ = 0.55). These results clearly emphasize the major mechanical

role played by the collagen fibrous network, and its interaction with the surrounding

ground substance, in the SAOS response of the vocal-fold cover.

3.4.2 LAOS

Histo-mechanical parameters - In order to reproduce the LAOS data obtained by Chan

[40] on a single cover (sample noted as C𝐿𝐴𝑂𝑆), the optimization led to three sets of

histo-mechanical parameters reported in Table 3.1, Table 3.2, and Table 3.3.

The identified geometrical parameters (e.g., collagen volume fraction Φ, fibril’s diameter

𝑑0) are significantly close to the values previously obtained for the cover sample C𝑆𝐴𝑂𝑆

subjected to SAOS (see Table 3.1). Yet, some microstructural differences can be noticed with

respect to the 3D orientation of the fibrous network as well as the initial fibril tortuosity 𝜉0,

much closer to that identified in Chapter 2 for the entire lamina propria samples (straighter

fibrils). These discrepancies are mainly attributable to inter-subject variability.

Mechanical parameters (e.g., collagen fibril Young’s modulus 𝐸 𝑓 , matrix shear modulus

𝜇, microscale relaxation time 𝜏) are nearly identical to those obtained for C𝑆𝐴𝑂𝑆 (steric

interactions remain untriggered under LAOS).

Figure 3.6: LAOS results: a) macroscale stress-strain curves obtained for sample C𝐿𝐴𝑂𝑆 tested at 𝑓 = 75

Hz and with 𝛾0 varied from 0.05 to 0.5, experimental data (adapted from [40]) vs. model predictions; b)

theoretical rheological fingerprints predicted at the macroscale (resp. microscale) for sample C𝐿𝐴𝑂𝑆 in the

Pipkin space { 𝑓 , 𝛾0} (resp. { 𝑓 , 𝜀𝑖}). In this latter graph, black solid lines represent the total stress, while red

solid lines the corresponding elastic contribution.

Multiscale predictions - The macroscopic stress-strain predictions of the model are

presented in Figure 3.6 a), along with the target LAOS experimental data (at a single 𝑓 =

75 Hz and increasing strain amplitudes 𝛾0 from 0.05 to 0.5). Extending the model predictions

to multiple frequencies (see also Appendix B. - Figure 1) and strain amplitudes, panel b)
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presents a series of theoretical stress-strain contour plots (or "rheological fingerprints")

predicted for sample C𝐿𝐴𝑂𝑆 at the macroscale (resp. microscale) in the Pipkin space { 𝑓 , 𝛾0}
(resp. { 𝑓 , 𝜀𝑖}) [40, 74]. Within each contour plot, normalized with respect to the strain

amplitude 𝛾0, the black line represents the total viscoelastic stress while the red line

represents the hyperelastic stress contribution only. Different trends can be highlighted:

• Influence of the strain amplitude 𝛾0 – For 𝛾0 ≤ 0.2 and a moderate frequency ( 𝑓 =

75 Hz), Figure 3.6 a) shows a satisfying quantitative agreement between the model

predictions and the corresponding experimental data at stabilized cycles. In particular,

the model is able to capture the strong nonlinear response of the vocal-fold cover

which progressively deviates, from a typical linear viscoelastic response at low shear

strain amplitudes, i.e., below 0.1, toward cyclic curves with a marked strain-hardening

at higher strain magnitudes, where the nonlinear hyperelastic stretching of collagen

fibrils is triggered. Regardless of the considered frequency, this trend is equally well

emphasized in the macroscale and microscale Pipkin diagrams displayed in Figure

3.6 b) for 𝛾0 ≥ 0.5. It is worth noticing that the predicted strain-hardening at the

highest strain magnitude 𝛾0 = 0.5 in panel a) largely overestimates that observed

experimentally. Presumably, the tested cover exhibited a Mullins-like effect which is

often observed in elastomers, gels and soft living tissues [67, 206], and yields to a

softening of their mechanical behavior. There are several possible microscale and irre-

versible mechanisms responsible of the Mullins effect. To mention a few, the rupture

of physical or covalent cross-links, non-reversible rearrangement and/or disentangle-

ment of macromolecules. Such damage or structure evolution mechanisms are not

taken into account in the present micro-mechanical formulation. A possible way to

account for these phenomena would consist in altering the histo-mechanical proper-

ties of the collagen fibrils, such as their modulus 𝐸 𝑓 (to account for damage) and/or

their initial length 𝑙
𝑓

0
or tortuosity 𝜉0 (to account for slippage), with proper kinetic

laws. This latter aspect is out of the scope of the present study. However, the green

curve plotted in panel a) shows that lowering (resp. increasing) 𝐸 𝑓 (resp. 𝜉0) from

720 MPa to 400 MPa (1.11 to 1.118) would lead to a more appropriate model prediction.

• Influence of the loading frequency 𝑓 – As previously observed for C𝐿𝐴𝑂𝑆 fibril

tension-strain responses (Figure 3.4 d and Supplementary Material : Chapter 3 Figure

1), the Pipkin diagrams show a strong influence of 𝑓 on the predicted macroscopic

stress-strain response. Regardless of the considered strain magnitude 𝛾0, the higher

the 𝑓 -value, the higher the stress levels and hysteresis. These trends seem to be in

qualitative agreement with typical measurements acquired on other vocal-fold cover

samples [40].

3.4.3 Finite strain multiaxial cyclic loadings

Histo-mechanical parameters - To reproduce the nonlinear viscoelastic behavior exhibited

by the vocal-fold sublayers subjected to cyclic longitudinal tension, transverse compression
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and shear [54], the optimization led to a set of microscale viscoelastic parameters per type

of sublayer: Table 3.4 reports the values identified for lamina propria samples (LP1 and LP2),

while Table 3.5 those identified for vocalis samples (V1 and V2). All histological and elastic

parameters (except the matrix shear modulus 𝜇), previously optimized in Chapter 2 to

reproduce the experimental "neutral" stress-strain curves lying in between the loading and

unloading paths, were kept unchanged (see Table 2.1, Table 2.2, Table 2.3, Table 2.4). The

𝜇-coefficient was moderately let free to differ from the previous identifications because

the overall mechanical contribution of the matrix is here also related to the viscoelastic

parameters of the model (interaction of the fibrils with the surrounding matrix). It was

eventually found equal to (200 Pa, 190 Pa) for (LP1, LP2), instead of (330 Pa, 290 Pa), and

equal to 170 Pa for both V𝑖 samples, instead of (900 Pa, 980 Pa) for (VP1, VP2).

The lamina propria and vocalis optimized viscoelastic parameters (𝐸, 𝜂0, ¤𝜀0) differ by an order

of magnitude in favor of the lamina propria (see Table 3.4 and Table 3.5). This discrepancy

may be ascribed to the sandwich arrangement of this specific sublayer, as well as to the looser

architecture of the Reinke’s space (SL). For both vocal-fold sublayers, however, obtained

initial relaxation times 𝜏 = 𝜂0/𝐸 ≈ 3-15 s are consistent with previous reported data from

MEMS and AFM testing on collagen fibrils [91, 234, 272]. Similar orders of magnitudes

were found for relaxation times 𝜏′ = 𝜂′
0
/𝐸′

related to steric hindrance between fibril bundles.

Sample LP 𝐸 (MPa) 𝜂0 (MPa s) ¤𝜀0

(
s
−1

)
𝐸′ (MPa) 𝜂′

0
(MPa s) ¤𝜀′

0

(
s
−1

)
LP1 1.47 14.2 5 10

−4
0.99 8.3 5.5 10

−3

LP2 1.3 19.6 6 10
−4

1.63 16 4.5 10
−3

Table 3.4: Set of mechanical viscous parameters identified for lamina propria samples, LP𝑖 .

Sample V 𝐸 (MPa) 𝜂0 (MPa s) ¤𝜀0

(
s
−1

)
𝐸′ (MPa) 𝜂′

0
(MPa s) ¤𝜀′

0

(
s
−1

)
V1 0.11 0.38 3.6 10

−3
0.11 0.53 4.5 10

−3

V2 0.11 1.06 3.3 10
−3

0.07 0.67 4.5 10
−3

Table 3.5: Set of mechanical viscous parameters identified for vocalis samples, V𝑖 .

Multiscale predictions - A comparison between the model macroscale stress-strain predic-

tions and the viscoelastic experimental data [54] is shown in Figure 3.7, for both sublayers

(LP1 and V1, results obtained for LP2 and V2 are reported in Appendix B. - Figure 2) and the

three considered cyclic loading modes, i.e., longitudinal tension, transverse compression

and longitudinal shear. For each case, the corresponding "neutral" curve predicted in Chap-

ter 2 (see dotted lines, details in Chapter 2) was additionally reported. The strain-induced

evolution of multiscale kinematic descriptors is finally displayed in Figure 3.8 for the

tension case, and in Figure 3.9 for the compression and shear cases. Focusing on the first

load-unload cycle:

• Longitudinal tension – Compared with the previous hyperelastic formulation, the

model is now able to reproduce stress hysteresis as well as the non-negligible residual

strains exhibited by the lamina propria and the vocalis samples after unloading is

completed (see Figure 3.7 a). These tendencies are inherited from the viscoelastic
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Figure 3.7: Macroscopic viscoelastic stress-strain curves of vocal-fold sublayers under multiaxial cyclic

loadings. Experimental data vs. model predictions obtained for lamina propria sample LP1 (left, in red) and

vocalis sample V1 (right, in blue): a) longitudinal tension; b) transverse compression; c) longitudinal shear.
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rearrangement of the tissue microstructure. In particular, irreversible unfolding and

rotation of collagen fibrils and myofibrils are predicted during cyclic tension along e𝑧
for both lamina propria and vocalis samples, as displayed in Figure 3.8 and Appendix

B. - Figure 3. For the vocalis, the predicted tension 𝑡𝑖 in both collagen fibrils, 𝑡𝑖𝑐, and

myofibrils, 𝑡𝑖𝑚, is plotted in the inset within Figure 3.8 b. It is interesting to notice that

mechanical hysteresis and the irreversible lengthening of collagen fibrils as predicted

by the model, for both sublayers, were experimentally observed by Yang [272] during

cycling stretching at strain levels higher than 6%.

• Transverse compression – As already pointed out in Chapter 2, steric interactions are

of major importance for lamina propria and vocalis mechanics under compressive

loadings. This peculiar characteristic is preserved with the viscoelastic formulation, as

shown in Figure 3.7 b (left graph, dotted lines): the longitudinal stretch-compression

of collagen fibrils (and their surrounding matrix) can not account for the lamina
propria stress hysteresis and residual strain experimentally observed. Conversely,

fibril bundle repulsion forces 𝑟𝑞 , and in particular, their viscoelastic contribution 𝑟𝑣𝑒𝑞 ,

appear to be of crucial importance to properly reproduce the vocal-fold sublayers

behavior (solid lines). No other significant microscale deformation mechanisms (such

as rotation and/or unfolding of fibrils) were simulated under transverse compression

(see Figure 3.9 a and Figure 2.6 a).

• Longitudinal shear – The mechanical contribution of the matrix plays a major role in

the overall shear response of the lamina propria and the vocalis, as already stressed

in Chapter 2. On this basis, the fibrils viscoelastic properties and interaction with

the surrounding ground substance allowed, via the microscopic tension 𝑡𝑖 (see

Figure 3.9 b), to satisfyingly reproduce the experimental trends observed during the

load/unload sequence at the tissue scale (Figure 3.7 c).

The relevance of the micro-mechanical model to simulate the full series of 10 load-unload

cycles is here finally assessed. Figure 3.10 compares the obtained theoretical predictions

with the experimental data for the three considered loading modes. If the stress hysteresis

decrease is qualitatively well reproduced by the model after the first cycle for all loading

conditions, predictions fail in simulating the gradual maximal stress decrease and residual

strain increase, particularly pronounced in tension and compression. A steady state is

instead predicted right after the first cycle, while a stabilized behavior can be experimentally

observed only after the 5th cycle (up to the 10th cycle, depending on the sample and

the loading mode). As mentioned in the previous subsection for LAOS results, these

accommodation behaviors resemble Mullins-like effects, that are not taken into account in

the present formulation of the model.
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Figure 3.8: Strain-induced time-dependent evolution of multiscale descriptors predicted for a) lamina
propria LP1 and b) vocalis V1 during tension along e𝑧 : macroscopic loading paths (top left); stereographic

projection of orientation vectors e𝑖 from initial to final state, 𝑖 ∈ [1..4] (bottom); strain variations of the fibril

chord 𝜀𝑖 and corresponding tension 𝑡𝑖 (top right).
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Figure 3.9: Strain-induced time-dependent evolution of multiscale descriptors for lamina propria sample LP1:

a) compression along e𝑥 – macroscopic loading paths (top left), stereographic projection of orientation vectors

e𝑖 from initial to final state, 𝑖 ∈ [1..4] (bottom), strain variations of the fibril chord 𝜀𝑖 and corresponding steric

interactions 𝑟𝑘,𝑙,𝑚 (top right); b) shear in the (e𝑧 , e𝑥) plane – strain variations of the fibril chord 𝜀𝑖 (top left)

and corresponding tension 𝑡𝑖 (top right), stereographic projection of orientation vectors e𝑖 from initial to final

state, 𝑖 ∈ [1..4] (bottom).
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Figure 3.10: Macroscopic stress-strain curves of vocal-fold sublayers under multiaxial loadings: model

limitations. Experimental data vs. model predictions obtained for lamina propria sample LP1 (left, in red) and

vocalis sample V1 (right, in blue) upon hysteresis cycling (10 cycles): a) longitudinal tension; b) transverse

compression; c) longitudinal shear.
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3.5 Conclusion and future perspectives

A better understanding of human phonation can not prescind from an in-depth insight into

vocal-fold viscoelastic properties. For that purpose, this study proposes a micro-mechanical

model suitable to reproduce the anisotropic and time-dependent phenomena peculiar of

vocal-fold mechanics, such as strain rate-dependency of the stress-strain response under

various physiological loadings upon finite strains, stress hysteresis and residual inelastic

deformations.

The present model proposes an idealization of the vocal-fold tissues microstructure,

accounting for major histological descriptors including the collagen fibril (and myofibril)

content, preferential orientation and waviness. Thereby, macroscopic responses are inherited

and upscaled from simplified micro-mechanical mechanisms: (i) collagen fibrils (and

myofibrils) stretch or compression; (ii) fibril bundle steric interactions, triggered when

deforming and/or rotating. It is here proposed to model these micro-mechanisms by

the introduction of nonlinear visco-hyperelastic networks (i.e., lumped-element Zener

models) in the respective material reference frames. Their nonlinear elasticity derives from

histo-mechanical considerations reported in Chapter 2. The nonlinear viscous components

were introduced to phenomenologically capture the tissue viscoelasticity, assumed to arise

from the interactions between fibrils and the surrounding ground substance. The model

parameters were either, mostly, obtained a priori from histo-mechanical evidence available

in the literature, or estimated a posteriori by fitting macroscopic data.

The relevance of the model to reproduce various experimental biomechanical data is

additionally assessed: SAOS, i.e., in the linear viscoelasticity domain, LAOS, i.e., in the

nonlinear and finite strain viscoelasticity regime, and multiaxial finite strain cyclic loadings.

Model predictions are in substantial agreement with macroscopic experimental trends and

allow the simulation of significant microstructural descriptors. These promising results

indicate the present model as a possible relevant tool to be implemented in FE commercial

softwares to simulate vocal fold vibrations. A preliminary study toward this research

direction is proposed in Chapter 4.

Nonetheless, there still remain two major drawbacks to be improved in future works. The

fibril scale viscoelasticity is here modeled on the basis of phenomenological considerations:

fine scale experiments and/or numerical simulations would probably provide more

relevant information to strengthen the present formulation. It is additionally shown that

the model is not suitable to reproduce Mullins effects experimentally observed: some

possible improvements are proposed to account for fibril scale damage and rearrangement

mechanisms, which need to be supported by additional experiments and/or fibril scale

simulations.





4
Toward the simulation of vocal-fold
vibrations





Contents

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.2 Implementation of the micro-mechanical model . . . . . . . . . . . . . . . . 105

4.3 Validation of the model implementation . . . . . . . . . . . . . . . . . . . . 106

4.4 A preliminary study of the vibration of a vocal fold . . . . . . . . . . . . . . 111

4.5 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113



4 Toward the simulation of vocal-fold vibrations 104

4.1 Introduction

As detailed in Chapter 1, along with traditional lumped-element models of glottal vibrations,

numerous higher-order computational approaches based on the finite element method

(FEM) have been proposed since the 2000s [5] to take into account realistic and a priori
measurable properties of the vocal-fold tissues (i.e., geometrical, biomechanical), and

to finely simulate the coupled physical phenomena (i.e., aerodynamical, mechanical,

acoustical) involved in the phonation process.

The impact of these material properties on vocal folds vibro-mechanical performances has

been investigated only in a few studies so far [106, 278, 279, 281], reporting how even slight

vocal tissue stiffness changes can possibly alter both the phonation threshold pressure and

onset frequency, but also the vibratory pattern of the vocal fold.

However, predicted trends can greatly differ, quantitatively and even qualitatively, from

one study to another. In particular, Zhang [278] showed that a parametric increase in the

body or cover stiffness of a two-layer body-cover model yields to a rise in the phonation

threshold pressure and onset frequency. Depending on the body-cover stiffness ratio, the

body or cover stiffness is reported to be alternatively of major influence on the pitch control.

Conversely, Hájek et al. [106] recently found an inverse relationship between the stiffness of

the lamina propria and the fundamental vibration frequency F0. This latter (unexpected)

result was ascribed to the material properties impact on the effective vibratory mass within

the whole vocal fold: for lamina propria higher Young’s modulus values (≈ 5 kPa), the whole

vocal fold is vibrating, whereas only the lamina propria is found to vibrate for lower values

(≈ 1.5 kPa, with a body-cover stiffness ratio around 30). If the body-cover stiffness ratio is

thus pointed out as a key parameter in some numerical studies, Zhang [281] encourages the

development of reduced-order models of phonation in which the vocal fold is simplified to

a single-layer structure. In support of this position, it was reported a minor influence of the

vocal-fold stiffness on the closed quotient
∗
, vertical phase difference and spectral shape

of the output acoustics.

In conclusion, the correlation between the structural and mechanical characteristics of the

vocal-fold tissues and their vibratory regime remains unclear.

Most of the material mechanical parameters required for continuum modeling of the

vocal-fold tissues are not easily accessible due to experimental limitations. Furthermore,

chosen values are often poorly correlated to available measurements (e.g., longitudinal

Young’s modulus of the vocal mucosa or ligament) on account of a significant inter- and

intra-subject variability [54, 135].

To reduce the number of required independent material parameters, vocal folds compu-

tational models are often based on a set of common simplifying assumptions [24, 57, 63,

129, 223, 256]: homogeneous sublayers, linear stress-strain behavior of the tissues, material

(quasi-)incompressibility, planar displacement assumption constraining vocal-fold motion

into coronal planes, isotropic (requiring 2 parameters) or transversely isotropic materials

(5 independent parameters). Nonetheless, these assumptions mostly appear not be ade-

quate to model vocal folds mechanical properties, characterized by a strong nonlinearity

∗
duration of closing phase divided by the cycle duration
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and anisotropy inherited from their fibrous microstructure, as detailed in Chapter 2. To

the author’s knowledge, currently available computational models do not account for

strain-induced mechanisms occurring at the (collageneous, elastinous or muscular) fiber

scale.

In this context, the following preliminary study addresses the implementation of the micro-

mechanical hyperelastic and anisotropic model presented in Chapter 2 in a finite element

code, toward a first microstructure-informed FEM model of the human vocal fold. The

chapter is structured as it follows. The numerical implementation of the theoretical model

is detailed in Section 4.2. The validation of this implementation is discussed for several

quasi-static, finite strain and multiaxial loadings (i.e., tension, compression and shear)

in Section 4.3. Section 4.4 finally paves the way for numerical simulations of vocal-fold

vibrations, proposing a first 3D simulation of vocal fold transient dynamics driven by

relevant histo-mechanical properties of the tissue.

4.2 Implementation of the micro-mechanical model

Toward more realistic simulations of vocal folds vibration under physiological conditions,

the hyperelastic micro-mechanical model detailed in Chapter 2 was implemented in the

Explicit version of Abaqus finite element (FE) software using linear hexaedral elements

C3D8R. Among the available commercial FE softwares, Abaqus/Explicit was chosen based

on: (i) the suitability to deal with nonlinear transient dynamic structural boundary value

problems in a finite transformations domain, nonlinear constitutive relations as well as

with multi-body contacts; (ii) the available facilities to implement user-defined constitutive

equations. In the latter respect, Abaqus/Explicit requires the writing of a Fortran 77

subroutine called VUMAT (Vectorized User MATerial).

Thereby, at a given time 𝑡, accounting for the (i) fibril content, initial geometrical con-

figuration (i.e., orientation, diameter and waviness) and micro-mechanical parameters

(i.e., (un)folding and steric interactions), (ii) shear modulus of the ground substance, (iii)

deformation gradient tensor F at 𝑡 + Δ𝑡, it is thus possible to compute the Cauchy stress

tensor 𝛔 at 𝑡 + Δ𝑡 based on the expressions developed in Chapter 2.

Furthermore, Abaqus/Explicit requires the components of the resulting stress tensor to be

expressed in a corotational framework. This was taken into account by the introduction of

the rotation tensor R defined by means of the polar decomposition F = R · U (U being the

stretch tensor) and computed at each 𝑡.

Finally, it is not possible to assume a fully incompressible formulation in Abaqus/Explicit

because the solver has no mechanism for imposing such constraint at each material

calculation point [1]. Some slight compressibility was therefore provided by removing

and changing the incompressibility pressure term and the ground substance strain energy

function, respectively introduced in the micro-mechanical model (see Section 2.2.4), leading
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to the following Cauchy stress tensor expression :

𝛔 = 𝜇(detF)−5/3(F · F𝑇 − 1

3

𝑡𝑟(F · F𝑇)𝛅) + 𝜅(detF − 1)𝛅 (4.1)

where 𝜇 is the shear modulus of the ground substance and 𝜅 its bulk compressibility

modulus. Therefrom, the ground substance Poisson’s ratio 𝜈 is defined as:

𝜈 =
3 (𝜅/𝜇) − 2

6 (𝜅/𝜇) + 2

(4.2)

By default, the Poisson’s ratio is set to 0.475, i.e., 𝜅/𝜇 = 20 [1]. Lowering this value would

conduct to an increase in the medium compressibility, which may result in unrealistic

behaviors. Conversely, values close to perfect incompressibility, i.e., 𝜈 → 0.5 or 𝜅/𝜇 → ∞,

would conduct to ill-conditioned boundary value problems and to, in the case of an explicit

solver, the need for considerably, not affordable, small time steps in order to avoid spurious

instabilities.

4.3 Validation of the model implementation

Homogeneous and quasi-static simulations with a single finite element – The correct

implementation of the micro-mechanical model was initially studied comparing the results

of simulations carried out using a single FE to the mechanical tendencies predicted by the

hyperelastic micro-mechanical model for quasi-static multiaxial loading conditions (i.e.,
longitudinal tension, transverse compression and longitudinal shear) in the case of the

lamina propria.

For that purpose, the time increment Δ𝑡 was automatically adjusted by the Explicit solver

(can be manually imposed if needed), to fulfil the stability convergence condition required

for such explicit time integration schemes. This time step should theoretically not exceed

Δ𝑡𝑚𝑎𝑥 = 1/𝜋𝐹𝑚𝑎𝑥 , 𝐹𝑚𝑎𝑥 being the system highest natural frequency of vibration, related to

both the finite element size (mass) and stiffness.

Contrary to what is usually the case for quasi-static simulations using explicit solvers (to

speed up the computation time), considering the major interest toward dynamic simulations,

mass scaling was not used in this study.

Bulk viscosity coefficients, required in Abaqus/Explicit to improve the modeling of high-

speed dynamic events restraining possible instabilities in explicit simulations but not

included in the material point stresses because intended as a numerical effect only [1], were

set by default to 0.06 and 1.2 .

Furthermore, to minimize the rise of spurious oscillations induced by a sudden discontinuity

in the strain rate (from zero, at rest, to the prescribed value), a smoothing process available

in Abaqus was used at the very beginning of the quasi-static loading [1].

Lastly, preliminary simulations were carried out to adjust the Poisson’s ratio 𝜈 to 0.4995,

i.e., a value ensuring at the same time the tissue quasi-incompressibility and the stability of

the simulations.
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Figure 4.1: Macroscopic stress-strain curves for the equilibrated orthotropic microstructure with moderate

fibril orientation (REV2). One element FE simulations vs. Matlab semi-analytical predictions for: a) longitudinal

tension; b) transverse compression; c) longitudinal shear. Finite element initial and deformed configurations

are reported next to the corresponding curves.
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Figure 4.2: Strain-induced evolution of multiscale kinematic descriptors for the equilibrated orthotropic

microstructure with moderate fibril orientation (REV2). One element FE simulations vs. Matlab semi-analytical

predicted macroscopic loading paths (top) and stereographic projection of orientation vectors ei (bottom) for:

a) longitudinal tension; b) transverse compression.

Thereby, based on the optimal histo-mechanical identification carried out in Section 2.4

for lamina propria sample LP1, two characteristic microstructural configurations were

considered for the validation:

• A first equilibrated (i.e., with in-plane transverse isotropy when projected in the

(e𝑥 , e𝑦) plane) configuration with moderate orthotropic fibril orientation (LP1 optimal

set of histo-mechanical parameters but 𝜑0 = 45
◦
, see REV2 in Figure 2.7).

• The optimal highly orientated orthotropic structure identified for LP1 in Section 2.4

(see REV1 in Figure 2.7).

In both cases, FE results were compared to the semi-analytical tendencies predicted by

Matlab in Section 2.4.2.

Figure 4.1 illustrates the stress-strain responses predicted for the first equilibrated con-

figuration under longitudinal tension along e𝑧 (see Figure 4.1 a), transverse compression

along e𝑥 (see Figure 4.1 b) and longitudinal shear in the (e𝑧 , e𝑥) plane (see Figure 4.1 c).

Finite element initial and deformed configurations are additionally reported next to the
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corresponding curves. Figure 4.2 a and Figure 4.2 b respectively provide strain-induced

multiscale kinematic descriptors for longitudinal tension and transverse compression.

Regardless of the loading mode, FE stress-strain curves satisfyingly reproduce the semi-

analytical tendencies predicted by Matlab. Similar conclusions can be extended to multiscale

kinematic descriptors. FE macroscopic strain paths are nearly identical to those predicted

by the micro-mechanical model (slight discrepancies are probably ascribable to different

compressibility formulations): alike contraction along 𝜀𝑦𝑦 and 𝜀𝑥𝑥 during tension along 𝜀𝑧𝑧 ,
anisotropic expansion with 𝜀𝑦𝑦 > 𝜀𝑧𝑧 during compression along 𝜀𝑥𝑥 . Figure 4.2 a and Figure

4.2 b additionally display corresponding fibril orientation vectors ei (represented using

stereographic projections): FE predictions closely reproduce once more semi-analytical

tendencies.

Analogous results are presented in Figure 4.3 and Figure 4.4 for the highly orientated

orthotropic microstructure (REV1). Similarly to what stated for the previous configuration,

FE stress-strain curves and strain-induced multiscale kinematic descriptors are in good

accordance with the semi-analytical tendencies predicted by the micro-mechanical model.

Nonetheless, slightly more significant predictions discrepancies can be observed during

longitudinal tension for tensile strains 𝜀𝑧𝑧 above 0.05. In particular, FE predictions show

higher compressive, |𝜀𝑦𝑦 | , and tensile, 𝜀𝑥𝑥 , transverse strains (auxeticity). This may be

attributable to the nearly incompressible FE formulation coupled with the marked auxetic

effect the microstructure displays during stretch-induced fibrils reorientation. This latter

aspect should be further investigated.

Homogeneous and quasi-static simulations with several finite elements – To check

whether previous validations were preserved or not when considering higher degrees

of freedom, the same homogeneous boundary value problems were carried out once

more increasing the number of finite elements (following considerations equally apply

for any number > 1). Analogous results were obtained in the case of the equilibrated and

moderately orthotropic microstructure (REV2) regardless of the considered loading mode.

Conversely, not plausible oscillatory instabilities were detected in the case of a highly

oriented microstructure (LP1 – REV1) for longitudinal tension and transverse compression,

as shown in Appendix C. - Figure 1. Decreasing the time step and/or the Poisson’s ratio,

nor increasing the smooth step amplitude at the beginning of the applied loading, didn’t

allow to overcome this numerical artifact. Note that any mass scaling was tuned for

the aforementioned reasons. The incompressibility condition combined with the high

directional stiffness and resulting auxeticity could presumably be at the origin of this

objectionable behavior. Additional efforts should be addressed to further investigate this

aspect. Nonetheless, it is relevant to observe that this numerical effect was sorted out

when considering a still highly orientated but equilibrated (i.e., 𝜑 = 45
◦
, without any

residual auxetic effects) structure like that of REV2. Consequently, in the following, only

the equilibrated but highly orthotropic microstructure (REV2) will be considered.
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Figure 4.3: Macroscopic stress-strain curves for the non-equilibrated orthotropic microstructure with a

marked fibril orientation (REV1 - LP1). One element FE simulations vs. Matlab semi-analytical predictions for:

a) longitudinal tension; b) transverse compression; c) longitudinal shear. Finite element initial and deformed

configurations are reported next to the corresponding curves.
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Figure 4.4: Strain-induced evolution of multiscale kinematic descriptors for the non-equilibrated orthotropic

microstructure with a marked fibril orientation (REV1 - LP1). One element FE simulations vs. Matlab semi-

analytical predicted macroscopic loading paths (top) and stereographic projection of orientation vectors ei
(bottom) for: a) longitudinal tension; b) transverse compression.

4.4 A preliminary study of the vibration of a vocal fold

In Section 2.4.3, an analytical pinned-pinned Timoshenko beam model was considered as

an oversimplified representation of the lamina propria geometry to estimate its vibratory

properties using the hyperelastic micro-mechanical model developed in Chapter 2, em-

ulating the study proposed by Kelleher et al. [144]. This allowed to emphasize the roles

of both the fibrous microstructure and level of pre-stretching on the beam fundamental

frequencies of vibration (see Figure 2.8).

Pursuing a specular objective, a preliminary FE simulation of the vibration of a single vocal

fold is here proposed to: (i) improve the aforementioned approach; (ii) make a first step

toward more realistic analyses of vocal-fold vibrations; (iii) illustrate the practical interest

of FE simulations in this study.

Hence, as illustrated in Figure 4.5 a, a 3D CAD model of a vocal fold was initially designed

accounting for the following characteristic dimensions reported in the literature [281]:

a typical length of ≈ 15 mm (along the antero-posterior direction), typical height and
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Figure 4.5: Transient structural dynamic analysis of a vocal fold subjected to a shock: a) CAD model of

the vocal fold, boundary conditions and hemi-sphere originating the impact; b) mesh of the CAD model; c)

time-evolution of the nodal vertical displacement of the vocal fold in the close proximity of the impact point

(left) and corresponding frequency domain spectrum computed using a Fast Fourier Transform (right).

width of ≈ 10 mm. The geometry was meshed with C3D8R elements as illustrated in

Figure 4.5 b. For the sake of simplicity and as a first illustrative example, the fold was

conveniently conceived as a monolayered structure of lamina propria complying with the

implemented hyperelastic micro-mechanical model. In the latter respect, the previously

validated equilibrated and moderately orthotropic microstructure (REV2) was considered.

Yet, two different physiological volume fractions of fibrils Φ = 0.46 (LP1 and REV2) and

Φ = 0.55 (upper limit reported in the literature for the lamina propria depending on the

tissue depth ex [34, 105, 194, 244]) were taken into consideration. As illustrated in Figure

4.5 a, zero-value displacements were imposed to the external surfaces of the CAD model

along the directions of contact with the ligaments and the cartilages of the larynx to mostly

excite bending vibrational modes. These Dirichlet boundary conditions represent a more

realistic configuration than that considered in Section 2.4.3 using beam theory. They may,
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however, be considered as too restraining and could, therefore, possibly be softened up in

future simulations.

To analyze the vibratory properties of these biological structures, a 4 mm diameter rigid

hemisphere meshed with R3D4 bilinear elements (see Figure 4.5 a and Figure 4.5 b) was

projected down to the top of the vocal fold at a velocity of 10
3

mm s
−1

and rapidly removed

upwards without altering the vibration of the impacted vocal fold. Therefrom, the impulse

response of the vocal fold was simulated with a proper time step of Δ𝑡 = 10
−7

s. Similarly

to quasi-static simulations, default bulk viscosity coefficients were set to improve the

modeling of a high-speed dynamics ensuring the stability of the calculation.

On this basis, Figure 4.5 c shows the nodal vertical (i.e., along ey) oscillatory displacement of

the vocal fold in the close proximity of the impact point for the two examined fibril contents.

Figure 4.5 c additionally shows the corresponding frequency domain spectrum computed

using a Fast Fourier Transform (FFT). This latter graph highlights the presence of two main

modal frequencies (peaks) in both cases: approximately 100 Hz and 350 Hz for Φ = 0.46 ,

shifted to approximately 200 Hz and 450 Hz forΦ = 0.55. Regardless of the considered fibril

content, clearly showing the crucial influence of the tissue microstructural configuration on

its macroscopic vibratory properties, these preliminary results are qualitatively consistent

with those reported in Section 2.4.3 , using an oversimplified beam model, and in the

literature [32, 152]. This suggests that the present study, once improved and refined,

could represent a possible tool to further analyze the underlying correlation between the

vocal-fold tissue microstructure and its peculiar vibratory properties.

4.5 Concluding remarks

In this last chapter, the hyperelastic formulation of the micro-mechanical model developed

in Chapter 2 to reproduce the vocal-fold tissues finite strain anisotropic mechanics is imple-

mented in a commercial finite element software providing an explicit solver. The validation

of the implementation is corroborated when considering homogeneous simulations with a

single finite element. Conversely, if the validation is once more confirmed for simulations

of equilibrated orthotropic configurations with more finite elements, additional efforts

are required to strengthen the robustness of the simulation for non-equilibrated fibrils

orientations which may possibly exhibit auxetic effects.

Nevertheless, a preliminary dynamic study is conducted carrying out a rather elementary

impact simulation, to excite the vibration of a homogeneous vocal fold with a equilibrated

but highly orientated fibril configuration and to extract relevant first and second modal

frequencies, emphasizing at the same time the major role played by a key histological

descriptor as the fibril content.

A first improvement of the study would consist in considering different vocal-fold sublayers,

e.g., the lamina propria and the vocalis, to investigate the possible changes induced by a

multi-layered architecture owning different microstructures. Considering softer boundary

conditions and further investigating simulations for non-equilibrated configurations could
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represent an interesting subject of additional research. Finally, before contemplating FE

models of increasing complexity to simulate the vibration of two vocal folds, i.e., accounting

for vocal fold collision and self-sustained vibrations induced by the sub-glottal airflow, the

implementation of the micro-mechanical model full visco-hyperelastic formulation would

constitute a considerable improvement of the present study.





Conclusions and perspectives
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Vocal folds are soft pliable laryngeal multi-layered tissues exhibiting remarkable vibro-

mechanical properties. Structural fibrous networks they are made of, i.e., highly anisotropic

and complex architectures of wavy collagen fibrils and myofibrils, play a major role in their

vibratory properties. However, due to experimental limitations in the characterization of

these tissues, the underlying relationship between their microstructure and macroscopic

behavior remains elusive. Furthermore, by contrast with many other soft living tissues,

most of the theoretical approaches currently adopted to model the vocal-fold mechanical

properties still rely on coarse macroscopic formulations poorly related to the fibril scale.

Recent promising microstructure-inspired models have been proposed to get a further

insight into this correlation. Nonetheless, the relevance of their predictions for representa-

tive physiological multiaxial loadings vocal folds are subjected to during phonation is not

assessed. Furthermore, these approaches are commonly based on hyperelastic formulations

not allowing to simulate the viscoelastic effects vocal-fold tissues exhibit upon loading.

Thereby, an original visco-hyperelastic microstructure-informed model, i.e., based on

histological evidence, is here proposed to account for the mechanics of representative

vocal-fold tissue sublayers, i.e., the lamina propria and the vocalis, and whose relevance and

limitations are assessed for representative cyclic loadings.

An idealized description of the lamina propria and vocalis 3D fibrous architectures was

initially presented. Representative Elementary Volumes were defined for each sublayer: in

spite of the relatively simple topology, several structural descriptors were introduced to

account for, in a first approximation, the role of the fibril content, its anisotropic orientation

and waviness (more appropriate, realistic and complex representations are possible and do

not represent a model limitation). On this basis, a hyperelastic formulation was developed

to model wavy fibril bundle micro-mechanics, i.e., (un)folding and steric interactions.

Particular attention was drawn to the definition of prevalently histo-mechanical model

parameters, limiting the introduction of phenomenological quantities to the minimum

extent. The relevance of the model was successfully assessed comparing predictions to

biomechanical data of lamina propria and vocalis specimens subjected to longitudinal ten-

sion, transverse compression and longitudinal shear. Regardless of the considered tissue,

specimen, and loading path, neutral stress-strain curves could be predicted in accordance

with experimental data, and corresponding fibril scale deformation micro-mechanisms and

scenarios were discussed. It was also shown how the micro-mechanical model constitutes a

first suitable approach to predict and better understand vocal-fold tissues vibratory proper-

ties. Nevertheless, the aforementioned purely elastic framework didn’t allow to reproduce

the non-negligible viscoelastic effects experimentally observed, thus representing a major

limitation of the model.

The micro-mechanical model was accordingly extended to a time-dependent formulation.

The original frame was preserved, i.e., microstructural idealization and hyperelastic ap-

proach to predict neutral stress-strain curves. Nonlinear viscous contributions were added

to the fibril mechanics and steric interactions hyperelastic components. Although conceived

and implemented at the fibril scale, they rely on phenomenological considerations in
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the absence of experimental evidence. The relevance of the model was initially assessed

comparing predictions to vocal fold cover samples linear viscoelastic regime, i.e., SAOS,

biomechanical data. Most of the experimental trends could be predicted, such as the

nonlinear evolution (with the frequency) of the: (i) storage and loss moduli and their

cross-over regime; (ii) damping ratio with a transition from a over to under-damped regime;

(iii) dynamic viscosity with a transition from a Newtonian to a power-law regime. Model

capabilities upon finite strains were additionally investigated by means of LAOS data ex-

trapolated from the literature. Satisfying predictions were obtained except for Mullins-like

effects, experimentally observed but not accounted for in the model formulation. Lastly, to

assess the relevance of the approach to reproduce finite strain multiaxial loading conditions,

the biomechanical data already considered for the hyperelastic formulation were used

once more. In this regard, noticeable improvements in model predictions were obtained

when using the visco-hyperelastic formulation. In particular, a satisfying modeling of stress

hysteresis, regardless of the considered tissue, sample, and loading path. Model limitations

in reproducing Mullins-like effects were confirmed.

Finally, toward future numerical simulations of vocal-fold vibrations, the micro-mechanical

model proposed in this study was preliminarily implemented in a Finite Element code used

for structural applications. A major focus was brought to the hyperelastic formulation as a

first step toward the implementation of the full visco-hyperelastic micro-mechanical model.

Corresponding constitutive relations were coded in a dedicated VUMAT subroutine for

Abaqus Explicit FE code. The explicit formulation was chosen as well-suited to simulate

dynamic structural boundary value problems. A first validation was successfully carried

out by simulating with a single finite element the previously considered quasi-static

multiaxial loadings in the case of the lamina propria. When considering multiple finite

elements, some numerical instabilities arose for highly orthotropic configurations but

were not detected for moderately transversely isotropic ones. In this latter case, as a first

structural application, a transient dynamic analysis of a homogeneous vocal fold subjected

to a shock was performed, allowing to carry out a corresponding modal analysis.

This work paves the way toward multiple lines of research as possible improvements of the

present study. Among them, the following perspectives are here reported:

• The micro-mechanical model still presents some phenomenological constitutive

relations, although adopted at the fibril or fiber scale. A first significant improvement

would consist in developing more sophisticated formulations of steric interactions

and viscoelastic contributions, more closely related to histo-mechanical evidence. This

information could be possibly obtained carrying out fibril/fiber scale experiments

and/or simulations.

• In its current state, the model formulation does not account for fibril scale damage or

plastic (rearrangement) phenomena, yielding to the marked Mullins effects experi-

mentally observed at the tissue scale. Additional research efforts would be required

to simulate these major phenomena.
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• Only the passive behavior of the vocalis was addressed in this study. The modeling of

active “myofibrils” would undoubtedly consolidate the micro-mechanical formulation

so as to better understand the respective contribution of the vocalis and the lamina
propria in the regulation of phonation. Pertinent developments may rely on the

existing literature on the biomechanics of muscles and myofibrils [55, 58, 132].

• Further studies are finally required to pursue the preliminary implementation of

the micro-mechanical model in FE codes and carry out more sophisticated dynamic

structural and multiphysics analyses toward the simulation of vocal-fold self-sustained

vibrations.
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Appendices





A. Supplemental Material Chapter 2



Figure 1: Macroscopic stress-strain curves of vocal-fold sublayers under multiaxial loadings. Experimental

data vs. model predictions obtained for lamina propria sample LP2 (left, in red) and vocalis sample V2 (right, in

blue): a) longitudinal tension; b) transverse compression; c) longitudinal shear.



Figure 2: Strain-induced evolution of multiscale descriptors for vocalis sample V1: a) compression along e𝑥
– macroscopic loading paths (top left), stereographic projection of orientation vectors e𝑖 from initial to final

state, 𝑖 ∈ [1..4] (bottom), strain variations of the fibril chord 𝜀𝑖 and corresponding steric interactions 𝑟𝑘,𝑙,𝑚
(top right); b) shear in the (e𝑧 , e𝑥) plane – strain variations of the fibril chord 𝜀𝑖 (top left) and tension 𝑡𝑖 (top

right), stereographic projection of orientation vectors e𝑖 from initial to final state, 𝑖 ∈ [1..4] (bottom).





B. Supplemental Material Chapter 3



Figure 1: LAOS results: macroscale stress-strain model predictions obtained for sample C𝐿𝐴𝑂𝑆 at 𝑓 = a) 75

Hz, b) 250 Hz, c) 500 Hz and d) 1000 Hz with 𝛾0 varied from 0.05 to 0.2. Adapted from [40].



Figure 2: Macroscopic viscoelastic stress-strain curves of vocal-fold sublayers under multiaxial cyclic

loadings. Experimental data vs. model predictions obtained for lamina propria sample LP2 (left, in red) and

vocalis sample V2 (right, in blue): a) longitudinal tension; b) transverse compression; c) longitudinal shear.



Figure 3: Viscoelastic strain-induced evolution of the orientation vectors e𝑖 from initial to final state,

𝑖 ∈ [1..4] during tension along e𝑧 : a) lamina propria; b) vocalis.





C. Supplemental Material Chapter 4



Figure 1: Simulations with several finite elements in the case of a highly oriented microstructure (LP1 –

REV1). Deformed configurations and stress fields predicted by Abaqus/Explicit for: a) longitudinal tension

(16 elements); b) transverse compression (16 elements); c) longitudinal shear (160 elements).





Résumé 
Composés de réseaux de fibres de collagène, d'élastine et de fibres musculaires, les plis vocaux humains sont 
deux structures déformables du larynx, organisées en différentes couches, et aux propriétés vibratoires 
remarquables. Cependant, les connaisses acquises aujourd’hui ne sont pas encore suffisantes pour comprendre 
la relation entre les spécificités histologiques du tissu vocal et ses propriétés vibro-mécaniques singulières aux 
échelles supérieures. Ainsi, ce travail propose un modèle micro-mécanique capable de décrire l'architecture 
fibreuse 3D des différentes couches du pli vocal, leurs matrices environnantes, et de prédire leur comportement 
mécanique multi-échelles en réponse à des chargements variés, quasi-statiques et vibratoires. Pour chaque 
couche, les paramètres du modèle ont été identifiés à l'aide des données histo-mécaniques disponibles dans la 
littérature, et notamment de leur réponse mécanique sous chargements physiologiques (tension, compression et 
cisaillement). Dans chaque cas, l'évolution de descripteurs microscopiques tels que la cinématique des fibres, 
leur comportement mécanique et possibles interactions a été simulée. Quel que soit le chemin de chargement, 
ce travail a montré comment les propriétés fortement non-linéaires, viscoélastiques et anisotropes des tissus à 
la macro-échelle découlent des réarrangements et mécanismes de déformation mis en œuvre à l'échelle des 
fibres. Plusieurs micro-mécanismes du tissu ont ainsi pu être proposés, pour des conditions de chargement 
quasi-statiques et vibratoires : (i) chargements cycliques et multiaxiaux à basse fréquence en déformations 
finies; (ii) cisaillement à haute fréquence en petites (SAOS) et grandes (LAOS) déformations. En particulier, ce 
travail a montré le rôle majeur de l'orientation des fibres 3D en traction, de l'encombrement stérique en 
compression et de la contribution de la matrice en cisaillement. Enfin, le modèle micro-mécanique a été 
implémenté dans un code de calcul éléments finis (EF) afin de mener des premières simulations 3D de la 
dynamique transitoire des plis vocaux, en tenant compte de leurs propriétés histo-mécaniques majeures. Ce 
travail ouvre la voie à des futures simulations multi-échelles de vibrations glottiques, pour mieux comprendre 
l’impact de la microstructure fibreuse spécifique du tissu vocal, dans les cas sain et pathologique. 
Mots-clés : Plis vocaux, Architecture fibreuse 3D, Modélisation mécanique multi-échelles, Anisotropie, 
Chargements multiaxiaux, Propriétés vibratoires 

Abstract 
Composed of collagen, elastin and muscular fibrous networks, human vocal folds are soft larygeal 
multi-layered tissues owning remarkable vibro-mechanical performances. However, the impact of these 
tissues’ histological peculiarities on their overall mechanical properties remains elusive. Therefore, this 
work proposes a micro-mechanical model able to describe the 3D fibrous architecture and the surrounding 
matrices of the vocal-fold sublayers, and to predict their multiscale behavior accordingly. For each layer, the 
model parameters were identified using available histo-mechanical data, including their quasi-static 
response to physiological loading conditions (i.e., tension, compression and shear). The evolution of 
microscopic descriptors such as fiber kinematics, deformation and interactions was simulated. Regardless of 
the loading mode, it was shown how macroscale nonlinear, viscoelastic and anisotropic tissue responses are 
inherited from fiber scale phenomena. Original scenarios of micro-mechanisms were also predicted for a large 
variety of loading conditions at various rates: (i) low-frequency cyclic and multiaxial loadings upon finite 
strains; (ii) high-frequency small (SAOS) and large (LAOS) deformation oscillatory shear. In particular, the 
major role of 3D fiber orientation in tension, steric hindrance in compression, and the matrix contribution 
in shear was highlighted. Finally, the micro-mechanical model was implemented in a finite element (FE) 
code, yielding to a prior 3D simulation of vocal fold transient dynamics with relevant histo-mechanical 
properties. This work paves the way toward future multiscale simulations of vocal fold vibrations, 
accounting for various 3D fibrous healthy and pathological architectures. 
Keywords: Vocal folds, 3D fibrous architecture, Multiscale mechanical modeling, Anisotropy, Multiaxial 
loadings, Vibratory properties 
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