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Abstract

Few studies have attempted to quantify the relative contributions of individual tongue muscles
to the overall function of the tongue during swallowing, speech or respiration. The aim of
this thesis is to analyse the multi-fibre mechanics of the tongue using an anatomically-realistic
Finite Element (FE) tongue model. Outcomes of this thesis include new methods to investigate

the underlying mechanisms of tongue muscle mechanics during various functional activities.

The FE model of the tongue was first applied to find the optimal motion sensor placement
for electromagnetic articulography during tongue elongation and retraction based on a forward
problem analysis. Two optimal criteria for selecting sensor arrays were proposed: (1) the
largest displacements containing the most information and (2) the largest displacements in the
anatomical axial and overall directions. The inverse problem method was adopted to derive
the contractile state of muscles for given kinematic data and thus, test the quality of sensor
placement. The results showed that, under the influence of machine-inherent noise, the first
optimality criteria was superior to the second, and the average bias and coefficient of variation
decreased with an increasing number of sensors from 2, 4 to 6. In a second study, the FE tongue
model was applied to identify possible muscle activity patterns during propulsion of dry swal-
lowing based on an extended inverse problem analysis and tagged-MRI data from the literature.
The computational results suggested: (1) previous literature hypotheses lacked consideration of
the heterogeneous orientation of the transversus muscle in the posterior region compared to the
middle and anterior regions, and (2) co-contractions of the hyoglossus, mylohyoid, styloglossus
and the anterior-middle part of the transversus resulted in the best match of tongue deformation
during propulsion of dry swallowing when compared with the experimentally acquired strain

data from the literature.

Two applications in this work demonstrate that the anatomically-realistic FE tongue model
enables the quantitative study of muscular activities and geometric deformations of the tongue
for various physiological activities. The future application of the FE model to broader areas,

such as pathological tongue function or model-aided instrumentation design, is feasible.
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Chapter 1

Introduction and overview

1.1 Motivation

1.1.1 Background

Swallowing and speech are two important activities in the everyday lives of humans. Swallow-
ing is a complex vital process for the intake of food, while speech is the primary method of
communication between individuals in human society. The human tongue is a highly complex

muscular organ whose action is central to swallowing and speech.

The tongue is a muscular organ with fine motor skills consisting of of an interwoven series of
muscle groups. The relationships between tongue anatomy, physiology, diet, and dental mor-
phology are topics of significant interest to speech pathologists, ear, nose and throat surgeons,
and dentists. The activities of the tongue comprise an intricately orchestrated series of shape
changes that contain and then propel the food bolus from the incisor region of the mouth to the
pharynx [Nicosia and Robbins, 2001, Felton et al., 2007]. However, abnormal tongue function
can result in a range of disorders such as swallowing difficulties (dysphagia), or sleep apnoea
[Fujiu et al., 1995, Cheng et al., 2002, Oliven et al., 2007, Proffit et al., 2007]. In the case

of human tongue movement disorders, difficulties in swallowing, for example, can cause sig-



nificant morbidity and mortality [Jennifer et al., 2000]. Abnormal tongue function is also a
serious population health issue. According to Domenech and Kelly [1999], approximately 10
million Americans are evaluated each year with swallowing difficulties (dysphagia), and the
prevalence of dysphagia may be as high as 22% in members of the population aged over 50
[Howden, 2004]. Moreover, Volonte et al. [2002] reported that 20% to 40% of patients with
Parkinson’s disease have symptoms of swallowing difficulties, whilst lacking awareness of the

cause.

The normal and abnormal behaviours of the tongue during swallowing and speech production
are still not fully understood. In order to understand the tongue’s various shape changes in
relation to the underlying muscular activities, it is necessary to identify the functional roles
of individual muscles in both normal and abnormal conditions. A considerable amount of
experimental effort has previously been dedicated to better understand the correlation between
the movement of the tongue and its function during various physiological activities. However,
current technological methods are limited in monitoring muscular activity while simultaneously
tracking the full motion of the tongue. A biophysical computational model of the tongue is

required to understand the relationship between tongue movement and its fibrous structure.

1.1.2 Biomechanics

Biomechanics is the study of the structure and function of biological systems such as those of
humans, animals, plants or organs, by means of mechanical engineering. The first biomechani-
cal investigations were conducted in the era of Leonardo da Vinci (1452 - 1519), who employed
standard engineering principles to quantify the kinematic patterns of biological movement [Ma-
son, 1962]. For the last 30 years, an increasing number of studies have adopted the principles
of continuum mechanics to model and analyse the function of whole organs. This approach
is commonly referred to as continuum biomechanics. In general, studies in continuum biome-
chanics have adopted the Finite Element Method (FEM) as the chosen numerical method to
approximate the shape of the organ. The motion of each element (subdomain) is then calcu-

lated by defining material parameter values and rigorously complying to the physical laws of



motion (kinematic laws) to derive the overall movement of the entire organ.

Finite element modelling allows more accurate capture of the organ geometry. However, with
an increasing number of geometric elements, the number of calculations increases, and thus,
the computational costs. Recent advances in computational technologies provide new oppor-
tunities to analyse organ function by using complex mechanical models. With the dramatic
development of computing hardware during the past decade, complex computations can be
performed in a reasonable amount of time, and larger data sets can be handled and stored for
post-processing. In addition, High Performance Computers (HPC) have become less expensive
and have been extensively deployed in engineering research programmes. Parallel distributed
computing on HPC platforms has accelerated the calculation speed for complex computing

tasks that were not solvable in the past.

The tongue, as a muscular organ, can be studied by applying the principles of continuum biome-
chanics. As such, the tongue can be modelled using a finite element geometrical model with
specific tissue properties, the movement of which is driven according to the physical law of
motion. A geometric model of the tongue has to be developed based on anatomical data to
fully incorporate geometric and structural features. To accurately simulate tongue deformation,
the mechanical behaviour of muscle tissue needs to be experimentally tested on tongue tissue,
or tissue with similar properties. A continuum model of the tongue based on anatomical data
and experimentally derived tissue properties would allow the prediction of tongue deformation
during various activities, thereby assisting others in analysing the correlation between muscular

activities and motion or deformation.



1.2 Thesis objectives

The main aim of this thesis is to gain a better understanding between the fibrous muscle struc-
ture of the tongue and the mechanics of the tongue by developing a computational mechanical

modelling framework. The main objective is divided into three separate goals:

1. To construct an anatomical-based finite element model of the tongue that can predict
the deformation of the tongue by specifying the contractile state of tongue muscles and
enable investigation of the relationship between structure and mechanical function of the

tongue;

2. To investigate the envelopes of tongue motion caused by co-contraction of multiple mus-

cle fibre families using the tongue model in a forward problem approach;

3. To develop a computational framework, in which experimental data can be used to pre-
dict the muscular activation states by using the mechanical tongue model in an inverse

problem approach.

The first goal is to develop a FE tongue model which allows the prediction of tongue defor-
mation by specifying the activation of either one muscle or of multiple muscle families simul-
taneously. The model-generated deformations associate directly with the anatomical structure
and muscular activities. Thus, the tongue deformations can be interpreted as a consequence of
the varying contractile properties of the spatially variable muscle fibre arrangements. In other
words, the modelling procedure idealizes the tongue mechanics as a ”function” which outputs
the kinematics of the tongue, i.e. strain and displacement, once the contractile properties of the

various tongue muscles are specified.

This type of biophysical modelling framework will provide new means to predict tongue de-
formation and analyse the envelopes of the tongue over varying contractile states of the tongue
muscles. This will provide useful new information, such as the most sensitive geometric points
on the tongue envelope in a particular deformation state. Such insights will assist experimental-

ists to better capture tongue surface motion, for example, using electromagnetic articulography.

4



On the other hand, if the characteristics of tongue motion have been experimentally captured,
they can be fed back into the model to quantitatively estimate the state of muscular activities in

an inverse problem approach.

The third goal is to develop a computational framework to quantitatively derive mechani-
cal parameters of the tongue, i.e. muscle contractile properties (muscular activities), using an
anatomically-realistic tongue model in combination with experimentally collected kinematic
data, i.e. displacement or strain. The computational model is aimed to be applied to state-of-

the-art tongue research in two different ways:

* Firstly, the model is applied to the material point displacement tracking system, for exam-
ple, electromagnetic articulography (EMA system) in oral research. Thereby, the tongue
model is first used in a forward problem approach to enhance the reliability of the material
point displacement tracking system (e.g. EMA system) by finding the optimized motion
sensor placement. The optimized sensor placement design will improve the experimen-
tally acquired motion information, resulting in a more accurate inverse calculation of

muscle activation patterns.

* Secondly, the model is used in an inverse problem approach to derive muscular activity
patterns based on reported strain values from tagged-MRI. This will help to (1) verify
existing hypotheses in the literature related to the mechanics of tongue propulsion in the
condition of dry swallowing, and (2) to explore hidden muscular activities that experi-

mentalists may not have previously identified.

1.3 State of the art in tongue research

A group of muscular organs from various animals, such as the tongue of humans and the ap-
pendages of the cephalopod, share some common mechanical and structural features, i.e. in
that the tissues of these organs can perform large deformations without any skeletal support,

depending only on the fibrous arrangements of the relevant tissues [Smith and Kier, 1989].



The human tongue consists of many muscular fibrous groups. The complex arrangements of
multiple muscular families enable the tongue to achieve various deformations for the inges-
tion of food and in speech production. The ability to selectively and independently activate
the different muscle fibre groups provides the basis for the complex movements of the tongue.
Several clinical studies provide evidence that the dysfunction of single muscle fibre groups can
be linked to diseases such as dysphagia [Fujiu et al., 1995], or sleep apnoea [Oliven et al., 2007,
Proffit et al., 2007].

A better understanding of the principles underlying the activation of muscle fibre groups during
specific tasks would provide a significant step forward in the analysis and treatment of diseases
associated with unusual tongue movements. Within this section, previous experimental and
modelling approaches which aimed to improve the understanding of tongue mechanics will
firstly be reviewed; and secondly, the limitations and disadvantages of these approaches will be

addressed.

1.3.1 Imaging of tongue motion

Imaging techniques, including X-ray based imaging, ultrasound imaging and magnetic reso-
nance imaging (MRI) have been used to identify the shape or the internal motion of muscular
organs. In oral related research, those imaging techniques have often been used to identify the
movement of the tongue during activities such as swallowing and speech. The motion from the
image data has commonly been interpreted as a consequence of muscular activities based on

empirical knowledge in anatomy.

X-ray imaging technique

The X-ray technique was initially applied to studies of tongue shapes in early oral research.
Kent [1972], Kent and Moll [1972] used 2D X-ray images to diagnose speech production under
abnormal conditions. Lindblom et al. [2002] applied X-ray techniques to understand the motor

control in tongue muscles. Itoh et al. [1980] used an X-ray micro-beam technique to capture



a cluster of surface points movements of the lip, tongue tip and velum for diagnosing patients
with speech impairments. Cineradiographic techniques have also been widely used to study
the intra-oral movements, for instance, Perkell [1969] and Bothorel et al. [1986] applied these
methods to the study of speech production, Barbiera et al. [2002] studied the swallowing of

220 patients.

Ultrasound imaging technique

Ultrasound imaging is another inexpensive method for ascertaining the tongue shape in a va-
riety of situations. For instance, Sonies et al. [1981] and Steele and Van Lieshout [1986] em-
ployed the ultrasound imaging technique to observe tongue movements in speech on a 2D
plane. Later, Stone [1990] combined X-ray beams with ultrasound imaging and additional as-
sistance of a geometrical tongue model to reveal the dynamic 3D motion of the tongue including
changes to its surface. By using ultrasound imaging, Peng et al. [2000] derived the tongue’s

largest displacement point to be on the mid-sagittal plane during the process of swallowing.

Magnetic Resonance Imaging

Several studies have attempted to directly visualize aspects of tongue movement by means of
MRI. Various types and configurations of MRI provide the opportunity to explore the geomet-
rical, structural and kinematic information pertaining to the tongue in various physiological
tasks. One of the most fundamental applications of MRI in the study of the tongue is to outline
its geometric shape. Badin et al. [2002] used digitized data from a stack of head sagittal MR
images to reconstruct 3D geometric shapes of the tongue, lips and face under relaxed condi-
tions.. They creatively applied a series of linear articulators to simulate the possible underlying
muscle activities of the tongue’s 3D geometric shape. Through the adjustment of the linear
articulators, they aimed to reproduce the consequential deformation of the geometric tongue
shape. Baer et al. [1991], Narayanan et al. [1997], Ong and Stone [1998] and Honda [1996]

have all explored the tongue shapes in speech productions using MRI. Stone et al. [2001, 2004]



reconstructed the position of the deformed shape of the tongue during the production of the
syllable |k| through MRI scanning. Later, Narayanan et al. [2004] proposed a sequence (spiral
k-space acquisitions with a low flip-angle gradient echo pulse sequence) with an acquisition rate
of 89 images per second and reconstruction rates of 20 to 24 images per second, which brought
about the possibility for reconstructing tongue movements in speech production. Apart from
reproducing the outer shape of the tongue by standard MRI, diffusion-based MRIs have been
used to image the interior muscular structures within the tongue [Wedeen et al., 2001, Gilbert

et al., 2006].

Standard MRI has a very limited ability to capture the internal movement of tissue. Tagged-
MRI is used to quantitatively record the internal motion of the tissue through tracking a grid of
signal saturation planes (“tags”) in the images. For instance, Napadow et al. [1999a,b], Felton
et al. [2007] studied the movement of the tongue in the cases of swallowing and other simple
functional tasks, such as bending or elongating. Based on the empirical knowledge of anatomy,
they attempted to explain the causes of the deformation driven by muscular contractions. The
fibrous arrangement of the tongue muscles (i.e. orientation and distribution) varies spatially,
resulting in heterogeneous deformation patterns as shown using strain mapping. Based on
these findings, a series of activation patterns of tongue muscles during oral activities such as

swallowing have been proposed.

Limitations of imaging techniques in tongue research

Imaging techniques, such as X-ray, ultrasound and MRI, provide visual information with re-
gards to tissue movement in a series of 2D image planes. Although X-ray based imaging
techniques may provide a cost effective method of imaging, the risk of exposing the subject
to harmful radiation cannot be ignored. In order to collect sufficient data to reconstruct a full
3D view, the subject has to maintain a desired tongue configuration for a prolonged amount
of time, or has to attend several repeated scans, which further extends the time of radiation
exposure [Stevens, 2000]. A longer acquisition time is needed during ultrasound imaging and

MRI to achieve higher image resolution. This may result in an uncomfortable experience for



the subjects, which may impact the quality of the collected data.

X-ray and MRI imaging are limited in capturing swift movements occurring within a very
short space of time. Hence, reconstruction of the tongue’s 3D motion based on the image data
becomes very challenging. The experimental studies of Napadow et al. [1999a,b] and Felton
et al. [2007] demonstrated that the derivation of quantitative interior motion information on a
single imaging plane is feasible through a visualization technique called tagged MRI. A major
limitation of this method is that it is mainly an analogue analysis on single slice images. A
further verification of the results from tagged MRI from a 3D perspective would be necessary;
however, this remains challenging. Furthermore, existing imaging techniques are unable to

provide direct evidence of the link between muscular contraction and motion.

1.3.2 EMG, EMA and contact pressure measurement

EMG studies of tongue muscular activity

A muscle contraction (activation) is reflected in a change of the electrical activity within the
skeletal muscle. Electromyography (EMG) provides a reliably measurement technique to
record the electric activity in skeletal muscles. Two types of EMG techniques are widely used
in experiments, namely, surface EMG and intramuscular (needle and fine-wire) EMG. Surface
EMG is a non-invasive way to measure muscle activity on the outer surface, whereas intra-
muscular EMG is an invasive measurement method in which the probe needle penetrates the
tissue to reach the target muscle. Since the tongue comprises a complex 3D fibrous structure,
measurements from surface EMG only provide limited information with respect to multiple
muscles of the tongue. Therefore, intramuscular EMG is more suitable for studying the tongue.

However, this must be weighed up against the invasive nature of the measurements.

in-vivo measurements have been conducted to analyse the electrical activity of tongue muscles
in human subjects, such as Honda and Alfonsao [1983] and Baer et al. [1988]. Most EMG

experiments in the study of the tongue have been conducted on animal subjects (e.g. pig). Kay-



alioglu et al. [2007b] and Liu et al. [2007] measured the comprehensive pattern of the muscular
activities of a pig’s tongue during swallowing. They concluded that the deformed configura-
tions of the tongue at most stages of swallowing were achieved through activation of multiple

muscles.

EMA studies for tracking tongue movement

The electromagnetic articulography (EMA) is a tracking system that uses coils as motion sen-
sors placed in the field of an electromagnetic transmitter. A standard EMA system is able to
simultaneously record a cluster of sensor trajectories. By placing the sensors on the desired
tissue surface, i.e. the facial area or the tongue dorsum, the movements of the sensors can be
interpreted as the motion of the material points on the tongue surface. One major EMA applica-
tion is the analysis of tongue motion during normal and impaired speech [Goozee et al., 2003,
Lee et al., 2006, Li et al., 2010]. Murdoch and Goozée [2003] applied EMA to study the tongue
movements of children with dysarthria following severe traumatic brain injury (TBI); Cheng
et al. [2009] introduced a general EMA measurement protocol to identify abnormal motion of
the tongue. The recorded spatial motion from EMA was used to evaluate malfunctioning of the

tongue muscles.

Ideally, spatial motion data of the entire vocal tract area is considered when studying tongue
motion during speech production. To achieve this goal, there is a recent trend in research to
combine EMA with other measurement technologies, e.g. imaging techniques, to gain a more
comprehensive view of tongue motion. Engwall [2003] combined MRI, EMA, electropalatog-
raphy (EMP) data and geometrical tongue modelling (outer shape of the tongue) to reproduce
deformed configurations of the tongue during the production of vowels and consonants. In En-
gwall [2003]’s study, the sensor trajectory from EMA was used to correct the digitised contour
lines from MR images, and the model predictions were verified using pressure array measure-
ments. Later, Aron et al. [2006] adopted a similar method of coupling EMA with ultrasound
imaging techniques, to study the 3D surface of the tongue. For the first time in oral research,

Aron et al. [2006] used ultrasound images to reproduce the tongue’s geometric contour, and
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subsequently, corrected the tongue shape near the apex using EMA recorded data. Thus, the
tongue curve could be interpolated to match the best tongue contour and the recorded EMA
spatial data. Aron et al. [2006]’s study provided an interpolation-based approximation of the
tongue surface contour. As such, the proposed method offers an opportunity to construct the
full 3D tongue surface with a cluster of 3D spatial points and incomplete image data, such that
the analysis of the surface variations of the entire tongue in various phonetic tasks becomes

possible.

Contact pressure measurements

While most attention in oral research is on the direct measurement of tongue motion, a few
studies have analysed tongue function indirectly through the measurement of intra-oral pres-
sure points using an array of pressure sensors [Ono et al., 2004, Steele and Van Lieshout,
2008, Kieser et al., 2008, Kennedy et al., 2010]. The tongue has significant interactions with
the surrounding oral structures during swallowing. Therefore, these interactions, e.g. contact
pressures, of the tongue can be interpreted as a reflection of the tongue movement during those
activities. One primary interest in measuring the tongue-upper palate contact pressure has been
the functional role of the tongue during the swallowing process. Ono et al. [2004] firstly out-
lined a contact pattern of the tongue during swallowing in which the tongue touches the upper
palate from anterior to posterior. Kieser et al. [2008] and Kennedy et al. [2010] verified this

observation in the case of swallowing water.

Limitations of EMA, EMG and contact measurement

EMA allows for tracking the movements of true material points on the tongue dorsum. How-
ever, only the trajectories of a limited number of sensor positions in a certain time domain are
commonly collected. The sensors are hard-wired to the signal receiver. This set-up adds more
challenges to deploy more sensors in the subject’s oral cavity, which also give subjects very

un-comfortable experiences and therefore influence the quality of experimental data. As a re-
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sult, only a cluster of point movements are generally available, which may not provide enough
information to understand the 3D behaviour. Similar disadvantages apply to contact measure-
ments on the tongue-upper palate interaction. The pressure sensor array-based measurement
device provides a set of discrete 2D measurement points of the contact area between the tongue
and bony structures (upper palate). Contact pressure measurements merely provide partial
kinematic measurements which cannot fully explain the functional roles of tongue muscles in
specific events. EMG is commonly used to record electrical activities of muscles for improved
understanding of the muscular contractile properties. However, EMG requires the pinpointing
of target muscles in an invasive way. The tongue’s limited visibility, relatively small size and
complex interior structure make it almost impossible to accurately locate individual muscles,
especially for the interwoven intrinsic fibres, e.g., styloglossus, verticalis, transversus muscle

fibre groups.

Another major limitation of most experimental studies is the lack of an effective way of com-
bining all collected experimental measurements to present direct evidence of the muscular acti-
vation patterns corresponding to various tongue shapes. Most of the analysis and interpretations
of the experimental data have drawn on the knowledge and experience of individual researchers.
Hence, conclusions based on experimental information from empirical analyses may be sub-
jective, and very possibly, inaccurate. Thus, a quantitative analysis, incorporating data from

different measurement techniques, is much desired to draw more accurate conclusions.

The selection of sensor locations in EMA is a challenging task. It requires careful sensor
placement to capture the features of tongue motion, and in some cases, this motion data need

to reflect the underlying muscular activity.
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1.3.3 Modelling tongue mechanics

Previous tongue models

Mathematical modelling of tongue biomechanics provides a quantitative description of tongue
movement. From a modelling point of view, the tongue is generally treated as elastic continuum

governed by the physical laws of motion.

One of the first computerised tongue models was developed by Kakita and Fujimura [1977],
who adopted the finite element technique to outline the general shape of the tongue with lin-
ear elements. Kakita and Fujimura [1977] accounted already for the role of fibres in tongue
mechanics, and coupled the geometric model with fibres from different muscular groups. The
local fibre contractile stress within the tongue model was evaluated with the fibre direction.
The contractile stress from various muscles were used to drive the deformation of the tongue

model.

Payan et al. [1995] and Payan and Perrier [1997] modelled the 2D tongue shape on a mid-
sagittal plane with the deformation of the tongue governed by the dynamical system equations.
In Payan and Perrier’s model, the mechanics of the tongue tissue was modelled as a system
that relied on muscle fibre shortening or lengthening. The elastic contribution in the tissue
was modelled using spatially varying Young’s moduli, the values of which were influenced
by the composition and the direction of the local fibres. The tongue model was activated using
recruitment thresholds for each family of muscle fibres. The model was then manually adjusted
for comparison with experimental data in which subjects were asked to pronounce a series of
vowels. Payan and Perrier [1997]’s model approximated the tongue’s behaviours in a variety

of phonetic tasks from the perspective of treating the tongue as a mechanical actuator.

Wilhelms-Tricarico [1995] adopted a different approach in the development of a tongue model.
Within Wilhelms-Tricarico [1995]’s study, the tongue was considered as a solid incompressible
continuum with multiple embedded fibres. The tissue properties of the model were studied us-

ing continuum mechanics principles. The overall stress of the tongue tissue body was modelled
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as a sum of stress contributions from multiple parts, including the elastic and viscous parts of
the tissue and a sum of fibre active stresses which were influenced by fibre direction and scaled

by a series of activation level parameters.

Later, Buchaillard et al. [2009] proposed a customized 3D tongue model with a geometry that
was based on a variety of data sources, e.g. x-ray, computed tomography images and acoustic
data. The interior fibrous structures from the visible human data set digitized by Wilhelms-
Tricarico [1995] was morphologically mapped into the geometric shape to reproduce general
features of fibre arrangement. A functional model of muscle force generation (i.e. A-model of

the equilibrium point hypothesis) was applied to drive the deformation of the tongue model.

Using a different approach, Napadow et al. [2002] proposed a simple 3D analogue model to
investigate the mechanism of tongue bending. The deformation arising from tongue bending
was analysed with regards to the structural fibrous arrangements, the material stiffness and the
temperature in the oral cavity environment. It was verified that the primary cause of upward
tongue bending was the co-contraction of several tightly compacted and interwoven muscles.
The model of Napadow et al. [2002] simplified the geometry and the fibrous structure of the
tongue. The acquisition of anatomical data requires large efforts in image-based digitization.
Thus, the advantage of the methodology by [Napadow et al., 2002] is that, instead of repro-
ducing the actual tissue deformation using an anatomically-based computational model, a sim-
plified conceptual model with essential structural features (e.g. the fibrous arrangement) was

adopted to analyse the structure-motion relationship of the tongue in a cost-effective manner.

Pelteret and Reddy [2012] coupled a FE model of the tongue with a neural-excitation model
to study the relationship between tongue mechanics and neural control. In Pelteret and Reddy
[2012]’s work, muscle contraction was simulated by an additional neural system model which
was coupled with the contractile stress of the FE model. The input from the neural model
replaced a simple constant scalar force which had been the most common approach in previous
models. The neural controlling system was modelled as a time-dependent ordinary differential
equation, simulating the frequency of the electrical impulse transmitted to the muscle. The

model was used to investigate the importance of the genioglossus muscle’s activation pattern
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and neural signals in maintaining a particular tongue position. The research by Pelteret and
Reddy [2012] improved the understanding of the relationship between the mechanical muscular

actuator (tongue) and the neural system from a mathematical perspective.

Stavness et al. [2011] proposed another 3D modelling framework which coupled the upper
palate, lower jaw and tongue in a dynamical system. They creatively considered the rigid
body motion and the soft-hard tissue interaction, e.g. tongue-jaw motion, as two important
parts of oral biomechanics. In their numerical solver (i.e. ArtiSynth software package), both
motions were solved simultaneously. Hence, their approach made it possible to investigate the

interactions between the tongue and surrounding oral structure.

Limitations of previous tongue models

Modelling of the tongue has largely aimed at reproducing the deformation of the tongue in a
mathematical manner. Thereby, the tongue tissue (skeletal muscle) has most commonly been
treated as a nonlinear material, and the tongue’s material and geometric non-linearity have been
represented by combining the principles of continuum mechanics with the FE method. Early
models of the tongue lacked an accurate representation of the tongue’s geometric and tissue
material properties. For example, Kakita and Fujimura [1977] did not consider the nonlinear
relationship between active stress and fibre stretch, and details of the passive effect of fibres in
the overall stress-strain behaviour of the tissue were lacking. Payan et al. [1995], Payan and
Perrier [1997] introduced a 2D dynamical model which is not able to capture the 3D defor-
mation of the tongue, under volume preserving condition of the muscular tissue. The fibrous
structure in the tongue model by Buchaillard et al. [2009] was morphologically mapped into a
geometric shape. Such interior structure may not be an accurate representations of the fibre ar-
rangement. For instance, as illustrated by Figure 1 in Buchaillard et al. [2009], the transversus
and verticalis muscles were distributed throughout the entire tongue body and connect to the
hyoid bone, which were imperfect representation of those intrinsic muscles. These approxi-
mate representation may cause issues when analysing any fibre-motions relationship with these

two intrinsic muscles.
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The geometry and fibre distribution used by Payan et al. [1995] and Payan and Perrier [1997]’s
model lacked anatomical detail. In Payan et al. [1995] and in Payan and Perrier [1997]’s model,
linear elasticity theory was used to model the tongue; however, the Young’s modulus cannot
account for nonlinear tissue properties. The mechanical framework for linear materials results
in inaccurate predictions when modelling large tissue deformations, and thus, many studies in
biomechanics have moved to the field of large deformation (finite elasticity theory). Most of
the recently developed models, such as the models by Wilhelms-Tricarico [1995] and Pelteret
and Reddy [2012], have adopted finite deformation theory to model the large deformations of
the tongue. However, no experimental verification of the resulting predictions have been made.
Further a clear linkage between computational models of the tongue and experimental data

remains lacking.

In the modelling framework proposed by Stavness et al. [2011], the tissue mechanical prop-
erties were modelled as an incompressible hyperelastic material. Theoretically, when solving
the dynamical system, coupling two conditions together implies an infinitely large stress wave
velocity in the tissue body during the deformation process, which, however, is not numeri-
cally solvable [Kolsky, 1963]. To deal with this, they adopted the mixed u-p formulation by
Hughes [2000] that introduces an artificial factor (damper). This additional factor might bring

comparatively large error to the model prediction.

1.3.4 Justification of the objective of this research

Most tongue movement studies have provided empirical analyses based on experimental data.
Conclusions based on empirical analyses may be inaccurate and unreliable due to limited ex-
perimental data or biased experience of individual researchers. Computational models of the
tongue, which are based on anatomical data and comply to physical mechanical laws, pro-
vide an opportunity to quantify tongue deformation and draw more accurate conclusions for
an improved understanding of tongue deformation in various cases. The key towards a bet-
ter understanding of tongue deformation is to clarify the contractile properties of each tongue

muscle fibre and derive its activation pattern for different configurations. Preferably, a me-
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chanical model of the tongue, as an idealised organ system, allows the quantitative predictions
of the interior mechanical changes for any given experimentally-measured data, e.g. strain or
displacement, and reveals a structure-motion relationship of the tongue. From a mathematical
point of view, muscle activity patterns are dependent variables which need to be derived by an

inverse modelling approach.

1.4 Thesis structure

The thesis is structured as follows:

Chapter 2 presents the basic anatomy of the tongue from the muscular fibre to the whole organ
level, and outlines its physiological behaviour in a variety of cases, e.g. swallowing and speech.
The organisation of multiple muscular groups is presented; and the function of tongue muscles
as reported in the literature is summarized. The information in Chapter 2 provides detail on
tongue anatomy that help to define appropriate boundary conditions for modelling the tongue’s

exterior and interior structure and the tissue’s mechanical behaviours.

Chapter 3 aims to clarify the theoretical foundation of the computational modelling of the
tongue. The fundamentals of continuum mechanics and the implementation of the FE method

are summarised.

Chapter 4 outlines the development of the FE model of the tongue. The construction of the ge-
ometrical model with internal fibre distribution and orientation is presented at the beginning of
the chapter. Then, the fundamentals of soft tissue modelling, the passive mechanical behaviour
of tongue tissue and the mathematical form of active stress are explained. The computational
implementation is described based on the framework of the in-house software CMISS. Accurate
modelling of the interaction between the tongue superior surface and the hard palate is critical
to study the swallowing process. The penalty method of contact mechanics is introduced to

model the mechanical interactions between the tongue and the hard palate.

Chapter 5 presents a model-based motion sensor placement optimization scheme for tracking
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the tongue movement. This chapter aims to demonstrate an application of the tongue model
in giving the recommendation of EMA sensor placements. The basic optimization principle
and algorithm is described and the quality of the sensor placement scheme is tested through
a standard parameter estimation procedure (inverse problem). The optimization scheme is ap-
plied to two specific cases, namely the elongation and the retraction of the tongue. The case
studies endeavour to outline the potential conditions that may influence the reliability of motion
tracking. These conditions include machine noise, the number of motion sensors and the mode
of tongue deformation. The optimization procedure provides a methodology of model-aided
instrumentation design and a possible non-invasive way of deriving muscular activity by using

a computerised mechanical organ model in combination with kinematic information.

Chapter 6 introduces a MRI image-based inverse methodology for the reconstruction of tongue
deformation and the estimation of its contractile properties. This application of the tongue
model provides a way to enhance the interpretation of 2D tagged MRI image data in a more
rigorous manner. Firstly, the methodology is adopted to analyse the accuracy of empirical con-
clusions related to muscular activities during propulsion previously reported in the literature.
Secondly, a comprehensive testing of multiple muscle selections is presented. The application
of the inverse methodology to multiple muscle groups requires a large number of calculations to
be performed. Thus, methods and strategies for using a multi-core high performance computer

are reviewed, and issues related to solving strategies of the FE system are discussed.

Chapter 7 concludes by summarising the significance of the presented modelling of the tongue,
its applications, as well as current limitations. Future research on model validation and on the

framework inverse problem are discussed.

Appendices consist of multiple supplementary materials related to previous chapters. First, the
development of the tongue model customization is introduced. It starts with the digitizing pro-
cess of MR images, and is followed by remodelling techniques and the underlying assumptions
of the geometrical model, including customisation of the internal tissue structure and outer
shape of the tongue. Secondly, a convergence analysis of the tongue model is given. Third, the

numerical verification of various strategies to solve the contact mechanics problem of muscu-

18



lar activation is presented. Finally, a performance test of the inverse procedure for estimating

the contractile properties using a muscle model is provided.
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Chapter 2

Anatomy and mechanics of the tongue

2.1 The structure of the tongue

2.1.1 Anatomical position and coordinate system

Prior to describing the anatomical structure of the tongue, it is necessary to introduce the sci-
entific notation to describe anatomical features. The scientific anatomical notation and terms
for orientation aim to fully describe the anatomy of animals (humans) based on particular body
locations and directions. Figure 2.1 illustrates the specific directional terms with respect to the

human body.

2.1.2 Tongue anatomy

As illustrated in Figure 2.2, the tongue is located in the oral cavity and is covered by mucus
on the tongue dorsum. The base of the anterior part of the tongue is attached to the mandible;
the posterior-inferior part of the tongue is attached to the hyoid bone. The hyoid bone is not a
fixed bony structure, but is rather floating with its own movement trajectories, for example, in
deglutition [Kaneko, 1992, Yabunaka et al., 2011]. The movement of the tongue body, attached

to the hyoid bone, is not spatially fixed. Instead, the tongue is a deformable body that connects

20



(a) Anatomical planes (b) Anatomical directions

Figure 2.1: Illustrations for anatomical positions and directions. Figures are reproduced from
Hansen [2009].
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to a rigid-body-like object.

The tongue strongly interacts with surrounding oral structures, which participate in a wide
range of physiological tasks, for instance, in swallowing a bolus [Ono et al., 2004, Hori et al.,
2006, Kieser et al., 2008, Kennedy et al., 2010]. The area above the top of the tongue dorsum
is also known as the upper palate, which consists of two parts, namely, the hard palate and
soft palate (Figure 2.2). The former is a thin horizontal maxillary bone that forms the roof
of the mouth; and the latter, also known as the velum or the muscular palate, is a soft tissue
plate located in the posterior side of the upper palate. The teeth define the vertical boundary
surrounding the oral cavity. Even though a tooth is formed from the hardest tissue in the human
body, it can be gradually corrupted due to pressure produced by the tongue-tooth interaction

[Pytlik, 1982, Steedle and Proffit, 1985].

Classification of the tongue muscles

In the human body, there are three major types of muscles, the cardiac muscle, smooth mus-
cles and skeletal muscles. From a structural perspective on the micro-level, the cardiac and
skeletal muscles are composed of a series of structurally connected sarcomeres, that are absent
in smooth muscles. The main function of skeletal muscles is to drive the skeleton, or body

movements of the skeleton or tissue, through a contraction process (i.e. shape changing).

The tongue is traditionally believed to be a collection of skeletal muscles. In a electron micro-
scopic study, Mauro [1961] first observed in the tongue muscles of white rat the same satellite
cells as found in the skeletal muscle fibres of the frog. Later, Muir et al. [1965] found further

evidence of a similar composition of cells in the tongue muscles and other skeletal muscles.

Skeletal muscles can be classified by the straining intensity of myofibrillar ATPase (mATPase)
in acid and alkaline preincubations, namely type I and type II with subtypes I1A, IIAB, IIB, IIC
and IM [Essen et al., 1975, Lexell et al., 1983, Schiaffino et al., 1989, Pette and Staron, 2000].
The composition of muscle fibres governs its mechanical properties. Type II fibres possess

a faster shortening rate than type I fibres. The sequential order of stimulated activations of
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Figure 2.2: An artistic impression of the anatomy of the tongue and surrounding structures
through the mid-sagittal plane of the human head. The upper palates (labelled as “’palates™)
consist of the hard palate and soft palate. The hyoid bone is attached to the underside posterior
of the tongue, which is connected to the digastric and hyoglossus muscles. (Reproduced from

Chen [2009])
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different fibre types determine the actual resultant shortening effect [Lieber, 1986].

Stal et al. [2003] firstly identified quantitative proportions of type I, IIA and IM/IIC fibres in the
muscles of the tongue body through examination of set of samples from subjects of various ages
and genders. Within the tongue tissue, type II fibres make up 60% of the total composition.
However, the regional difference in fibre type distribution is significant. In contrast to the
anterior section of the tongue, which consists mainly of type II fibres (71%), the posterior
section of the tongue is comprised of a greater proportion of type I and IM /IIC fibres (66%).
The muscles of the tongue possess very similar fibre classifications to other skeletal muscles,
and also have the same micro-level structural features. Consequently, the mechanical properties
of the tongue fibres can be ascertained by referencing to previously reported studies of skeletal

muscle fibres.

Structure of skeletal muscles

Since tongue muscles fall into the category of skeletal muscles, their structural composition is
reviewed from the more comprehensively researched perspective of skeletal muscles. A bundle
of skeletal muscles consists of many single muscle fibres, each one consisting of multiple my-
ofibrils that comprise a series of connected sarcomeres [Silverthorn, 2009], as shown in Figure
2.3. According to the classical sliding filament theory, myosin bridges pull the thin filaments
towards the centre of the sarcomeres, and thus, the myfibril is shortened and the entire muscle
is contracted along the direction of the fibre [Silverthorn, 2009]. A variety of energy sources
provide the support for such mechanical movement and heat production, including adenosine
triphosphate (ATP), glucose and oxygen, through aerobic respiration or anaerobic respiration

[Silverthorn, 2009, Zaidi et al., 2013].

Saito and Itoh [2003] used electron scanning microscopy (SEM) measurements to scan hu-
man tongue tissue, and firstly observed the detailed tongue fibrous arrangements. The scale of
tongue muscle fibre bundles was reported to range from 45 pum to 300 um in diameter, with an

individual fibre variation between 6 pm to 12 um. They also observed that connective tissue
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Figure 2.3: A structural illustration of the skeletal muscle composition, reproduced from Thi-
bodeau and Patton [2003]. The basic mechanical unit is the sarcomere which is composed of
filaments. A series of connected sarcomeres make up a myofibril, which is the major element
of a muscle fibre. During activation, the sarcomeres contract in the direction of the filament,
and hence, drive the entire contraction of the muscle fibre, and consequently, the muscle body.
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filled the space (about 50 pm to 500 pm) between the fibrous bundles in different layers of the

sample.

Distributions of tongue muscles

The tongue possesses a sophisticated fibrous architecture which includes various muscle fami-

lies, namely,

* genioglossus anterior and posterior (gg),

* styloglossus anterior and posterior (s),

* hyoglossus (h),

e transversus (7),

e verticalis (v),

* superior longitudinalis (s/),

* inferior longitudinalis (il),

* digastric (dig),

mylohyoid (m), and

geniohyoid (gh).

The classical definitions of tongue muscles generally classify two types of muscles: intrin-
sic and extrinsic muscles. From the perspective of classical anatomy, the extrinsic muscles,
including genioglossus, styloglossus and hyoglossus muscles, mainly drive the tongue body
to perform large spatial movement; whereas the intrinsic muscles, such as the longitudinalis,
transversus and verticalis, alter the shape of the tongue [Altschuler et al., 1994, Bailey et al.,
2006, Shawker et al., 1984]. The digastric, mylohyoid and geniohyoid muscles are considered
external muscles. These muscles are tightly attached to the genioglossus and hyoglossus, which

are connected to the mandible, hoiyd bone and tongue body.
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In general, the extrinsic muscles are distributed around the visible tongue body, and connect to

skeletal structures as listed in the following.

* The genioglossus, including its anterior and posterior parts, is a fan-shaped extrinsic
muscle located deep in the body of the tongue. The anterior part of the muscle connects
to the mental spine of the mandible, whereas the posterior side attaches to the hyoid
bone. Figure 2.4(a) illustrates the distribution of the genioglossus muscle within the

tongue body.

* The styloglossus originates from the lower part of the styloid process and inserts at the
middle of the tongue body. It passes through the lateral side of the tongue and ends, as

illustrated in Figure 2.4(b), at the anterior side of the tongue tip.

* The hyoglossus runs almost vertically upwards between the styloglossus and the longitu-
dinalis inferior. It enters the posterior side of the tongue as shown in Figure 2.4(c). The
hyoglossus is attached to the hyoid bone and controls its movement in many physiologi-

cal activities.

The visible tongue body is mainly composed of intrinsic muscles that gradually merge into
the surrounding extrinsic and external muscles. These muscles have no connection with any

skeletal structure.

* The transversus and verticalis muscles are orthogonally aligned to each other to form an
interlaced woven type of texture (shown in Figure 2.5). The transversus muscle of the
tongue originates from the median fibrous septum and passes laterally into the sides of
the tongue body; whereas the verticalis muscle generally arranges in a superior-inferior

direction.

* The longitudinalis muscle lies under the mucous membrane on the dorsum of the tongue,
and arises from the anterior tongue body; the muscle eventually ends close to the epiglot-
tis. Figure 2.6 shows the arrangement of the longitudinalis muscle along with two other

interlaced intrinsic muscles.
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(a) Genioglossus

(c) Hyoglossus

Figure 2.4: Locations and distributions of the genioglossus, styloglossus and hyoglossus mus-
cles. Figures reproduced from Grey [1918].

In classical anatomy, the external muscles are not considered part of the tongue. However, the
physiological roles of these muscles with respect to tongue function cannot be ignored since
these muscles tightly connect to both intrinsic and extrinsic muscles. The digastric muscle falls
into the category of the suprahyoid muscle. It is located beneath the mandible and connects
the mandible and the mylohyoid muscle. The mylohyoid muscle is situated above the anterior
digastric muscle. The superior part of its medial border attaches to the geniohyoid muscle,
which largely arises from the inferior mental spine, and runs backward to connect to the anterior
surface of the hyoid bone. Figure 2.7 presents a graphical interpretation of the external muscles’

distributions and arrangements.
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(a) (b)

Figure 2.5: The interwoven fibrous structures of the transversus and verticalis, labelled as T
and V respectively. Label L and B indicate the longitudinalis muscles and the blood vessels.
Bar on Figure 2.5(a), 250 um; Bar on Figure 2.5(b), 100 um. Figures reproduced from Saito
and Itoh [2003].

2.2 Overview of food intake and speech

The major physiological roles of the tongue are (1) blending and transporting food by sophis-
ticated deformations of its flexible body, and (2) speech production by reforming the vocal
tracking shape. In this section, the major physiological activities of swallowing and speech

production are reviewed.

2.2.1 Food intake

From a scientific perspective, food intake is a process of many sub-steps. Each step aims to
achieve a specific goal that benefits the next stage of process. Hence, the definition of each
sub-step needs to be clarified in order to understand the functional roles of the tongue during
these processes. Note that the tongue not only plays an important role in transporting bolus,
but it also provides sensory functionality, such as sensing shape and hardness, which helps the

central neural system adjust the intra-oral dynamics [Jafari et al., 2003].
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Figure 2.6: An illustration of the arrangements of the transversus, verticalis and longitudinalis
muscles on the midfrontal plane of the tongue. Figures reproduced from Grey [1918].

(a) Digastric (b) Mylohyoid (c) Geniohyoid

Figure 2.7: Locations and distributions of the digastric, mylohyoid and geniohyoid muscles.
Figures are reproduced from Grey [1918].

Defining the food intake process is challenging due to the involvement of many sub-processes
such as mastication, bolus transportation and so on. Two food intake models, proposed by
Lucas et al. [2002] and Hiiemae [2004], have been widely accepted for analysis of the oral
process of food consumption. Lucas et al. [2002]’s model defines the food intake as a behaviour
with multiple steps in sequential order, including gripping, first bite, fracture, size reduction,
transportation and swallowing. The transition between any consecutive step is determined by
a decision making process that assesses the size and formation of the bolus. To terminate the
process of food intake, the size of the bolus needs to be at a certain level of suitability. In short,

a series of complex decision making events are re-assembled in an organised sequential form.

30



Hiiemae [2004]’s model describes the food intake from the perspective of the functional role of
each event. The model consists of two major transportation processes, one to manage the size
of the bolus and the other one to reformat the bolus in general. An advantage of the model by
Hiiemae [2004] is that it clarifies the differences in movement between liquid and solid food
intake. As such, it provides means to describe how liquid substances, e.g., water, can shift to
the second stage of transport without prior size reduction. As in the model by Lucas et al.
[2002], a certain level and shape of the bolus must be achieved before it is transported to the

next stage for digestion [Hiiemae, 2004].

In both models, swallowing is the last step in oral food processing. The functional objective of
swallowing is to transport a suitably sized bolus from the oral cavity to the oesophagus. This is
mainly achieved by the tongue. Complete swallowing consists of a series of complex individual
phases with different functional purposes, namely an oral phase, a pharyngeal phase and an
oesophageal phase. In the oral phase, the bolus is fractured and reformatted by the tongue
pushing the bolus against the hard palate; the tongue then shifts the broken food particles to
the posterior side of the oral cavity in the pharyngeal phase; and, with the assistance of striated
muscles, the food particles are propelled downwards to the oesophagus (oesophageal phase)

before entering the stomach.

2.2.2 Speech production

Speech production is a sound generation process. The entire process is complex and involves
three major parts of the human body: the airway system below the larynx, the larynx and its
surrounding structures, and the structures and the airways above the larynx [Stevens, 2000].
The airways below the larynx consist of the trachea, the bronchi and the lungs, all of which ac-
tively deform, and hence, produce an airflow through the larynx. The larynx, and in particular
the vocal folds, are then functionalised to generate sound waves through vibration. The actual
sound, such as spoken words, is finally formed in the vocal tract above the larynx. The vocal
tract is enveloped in the oral structures, i.e., the upper hard palate, tooth and the tongue. The

tongue deforms into a variety of shapes during different phonetic tasks to assist in the construc-
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tion of a variety of boundaries for the intake or outlet of air during annunciation [Hardcastle

et al., 1999, Stevens, 2000].

Studies of speech have had a strong interest in the description of motion and shape of the
tongue corresponding to different sound elements, i.e. consonants and vowels. A large amount
of prior research has been undertaken to describe the tongue shape and speech activities. These
studies have attempted to give simple descriptions/approximations of the change in tongue
shape during speech production using a few parameters. The parameter values have commonly
been adjusted to reproduce different shapes while pronouncing a particular sound. In general,
these mathematical descriptions have not incorporated the tongue’s anatomical features, but

merely provided a simple mathematical expression obtained by data fitting.

For instance, the early research undertaken by Lindblom and Sundberg [1971] noted that the
contour lines of the tongue’s mid-sagittal plane vary with different sound elements, and intro-
duced a semi-polar coordinate system to quantitatively describe the various tongue contours.
Based on their measurements, Lindblom and Sundberg [1971] presented a simple mathemati-
cal description of the correlations between the shapes of lips, the tongue and the larynx with
the sounds elements. Maeda [1990] analysed more than 1000 frames of cineradiographic and
labiofilm data corresponding to 10 French sentences uttered by 2 subjects. They concluded that
the mandibular, tongue dorsal position, dorsal shape and the position of apex are the main fac-
tors controlling the variation in sound. Moreover, Maeda [1990] believed a limited number of
parameters, i.e. 7, can be employed to accurately predict and describe the variations in shapes
corresponding to different pronunciations. The idea of measuring the trajectories of particular
points on the tongue to describe various articulation has commonly been accepted in later stud-
ies, such as those of Hombert et al. [1979], Lindblom and Maddieson [1988], Gafos [1999],

Stone [2005] and many more.
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2.3 Functions of the tongue

The tongue’s various deformations and movements define its functional role in phonetic or di-
gestive processes. From a mechanical point of view, the tongue can be considered as a mechan-
ical actuator that drives the motion of tissue and skeletal structures through a self-contracting
deformation process stimulated by neural signals [Schneider, 1994, Huijing, 1999]. In this
section, the functional role of the tongue is addressed from a mechanical perspective. The
mechanical properties of tongue tissue are outlined, including the mechanism of muscle acti-
vation, its passive response, and the functional role of lingual fibre arrangements. Previously
reported insights into the tongue’s muscular activities during swallowing and speech are further

outlined.

2.3.1 Muscle contraction and passive response

A single muscle fibre can perform a shortening deformation, also known as activation or con-
traction. The contraction of fibres is directly associated with the excitation level of a muscle
fibre controlled by neural signals [Huijing, 1999]. Since the beginning of the 20th century,
researchers have dedicated great efforts to develop a theoretical explanation of the contractile
mechanism of muscle fibres. Initially, the folding of long protein chains that surround muscle
fibres was thought to be responsible for the shortening of muscle fibres, and hence, produc-
tion of a contraction [Clark, 1927]. The so-called lactic acid theory on folding long protein
chains was later substituted by Huxley’s theory on sliding filaments. In 1953, Hugh Hux-
ley observed sliding filaments within frog muscles using transmission electron micrographs of
transverse muscle sections [Hanson and Huxley, 1953]. The initial theoretical explanation by
Huxley et al. [1957] was later extended with a detailed description of the overlapping zones
of cross filaments, i.e. cross-bridge theory [Huxley and Simmons, 1971]. The sliding filament
mechanism, including cross-bridge theory, has widely been accepted as a valid explanation of

muscular contraction.

The passive response of skeletal muscles depends on the arrangement of muscle fibres and
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the passive mechanical properties of muscle tissue and surrounding tissues within the muscle
body. Huijing [1999] stated that the passive response of a muscle fibre is only apparent when
it is passively stretched along its longitudinal direction. Huijing [1999] suggested that the
skeletal muscle can be seen as a composite material, which consists of a extracellular matrix
with reinforcement of fibrous material. Reinforcement is achieved through active muscle fibre
shortening and passive mechanical response of the basal lamina and intermuscular connective
tissues. The basal lamina is the coating layer of the myofibre, which enhances the shearing
effect between the contact interfaces of myofibres [Huijing, 1999]. Intermuscular connective
tissues, including the endomysium, perimysium and epimysium, provide a supporting structure
that surrounds the muscle body and the fascicles of myofibres [Huijing, 1999]. Huijing [1999]
described the skeletal muscle using a simplified model with 3 contributions from the ground

matrix effect (extracellular matrix), active tension and passive fibrous elasticity.

2.3.2 Muscle fibre arrangement

Fibre arrangement refers to the fibre orientation and the distribution of fibre families. The
fibre arrangement is the most basic anatomical factor governing the functions of the tongue.
As summarised by Smith and Kier [1989] and Gilbert et al. [2007], the tongue tissue, with
its complex fibre arrangements, can perform a large number of deformations that suit various
situations. Smith and Kier [1989] and Gilbert et al. [2007] concluded that the co-activation of

multi-oriented fibre arrangements define the deforming shape of the tongue.

Cheng et al. [2011] presented a series of elastographical images of the mid-sagittal plane of the
tongue, showing the so-called storage and loss moduli with a high level of spatial heterogeneity.
The storage modulus measures the stored energy due to elastic deformation; while the loss
modulus reflects the energy dissipated as heat, or in other words, the viscous portion in viscous
elastic materials. The heterogeneity of the elastic properties of the tongue can be explained by

the spatial distribution of muscle fibre families.

The particular fibre arrangement of the tongue does not only affect its passive behaviours, but
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also profoundly influence its active behaviour, especially in the case of co-activation of various
muscle groups, as observed through the MRI technique by Napadow et al. [1999a,b], Felton
et al. [2007] and Takano and Honda [2007]. Co-activation of intrinsic muscles alter the shape
of the tongue; while large deformations with spatial movement are achieved through a simulta-
neous activation of intrinsic and extrinsic muscle families. However, details of the mechanical
effects of various muscle activation patterns are still unknown due to remaining limitations in

simultaneously recording muscular activities and their resulting functional deformations.

Figure 2.5 illustrates the unique interwoven arrangements of the intrinsic transversus and ver-
ticalis muscle fibres when compared with other skeletal muscles [Saito and Itoh, 2003]. Saito
and Itoh [2003] combined a microscopic technique with a chemical-maceration method to re-
construct detailed images of intrinsic lingual tissue samples from male rabbits. The intrinsic
muscle fibres were demonstrated to be organised in a mesh-liked interlaced fibre arrangement.
It was hypothesised that this woven-texture structure assists in the hardening of the posterior
part of the tongue to transport the bolus during swallowing. Smith and Kier [1989] noticed
a similar interlaced fibre structure within other animal tissues, for example, in the mantel of

squids and in elephant trunks.

The interlaced fibre structure is assumed to alter the contractile stress field, allowing the soft tis-
sue body to perform large rotational and stretching deformations [Kier and Smith, 1985, Smith
and Kier, 1989]. For instance, the elephant trunk, as a very flexible soft tissue system, can
perform large rotational deformations through partial muscle contractions [Kier, 1988, Smith
and Kier, 1989, Thompson et al., 1998]. The bending and elongation of the tongue body shows
similar characteristics. Napadow et al. [2002] reported that the sagittal bending of the tongue
body is caused by simultaneous contraction of the longitudinal muscles and the interlaced in-
trinsic fibres. The active, interlaced fibres cause a contractile force in the anterior tongue body
from the superior-inferior and medial-lateral directions, which lengthens (elongates) the tongue

body, while activation of the longitudinal muscles shortens the body upwardly.

The co-activation of extrinsic and intrinsic muscles achieve most of the tongue’s configura-

tions for the various functional roles. The extrinsic muscles shift the position of the tongue
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body, whereas the intrinsic muscles change the shape of the tongue. The phenomenon of co-
contracting intrinsic and extrinsic muscles is often observed in food intake or sound articula-
tion. The following two sub-sections will present some of the existing experimental results
pertaining to the simultaneous contractions of intrinsic and extrinsic muscles in the process of

swallowing and speech.

2.3.3 Co-activation of the tongue muscles in the swallowing process

In swallowing, the tongue needs to perform a variety of deformations to achieve the different
physiological tasks, for instance, blending and transporting the bolus. As mentioned above,
shape deformation of the tongue is the consequence of the contraction of various combinations

of tongue extrinsic and intrinsic muscles.

Bailey and Fregosi [2004], Kayalioglu et al. [2007b] and Liu et al. [2007] studied the rela-
tionship between the resultant tongue shape (in rats and pigs) and the co-activation of intrinsic
and extrinsic muscles during the swallowing process. They noticed that the resultant tongue
configurations for bolus transport were achieved through activation of different combinations
of muscles with varying levels of stimulation. Through direct EMG measurement, the animal-
based study by Kayalioglu et al. [2007b] reported a comprehensive result of muscle activation
during the entire swallowing process. For example, it was found that the verticalis, transversus
and genioglossus were stimulated during jaw opening. Meanwhile, the EMG pig study by Liu
et al. [2007] further proved that the intrinsic muscles have less association with a change in

tongue shape than the extrinsic muscles during food intake.

Others applied tagged MRI to investigate the various deformations of the tongue during dy-
namic activities such as bending and elongation [Napadow et al., 1999a], as well as in swallow-
ing [Napadow et al., 1999b]. Napadow et al. [1999b]’s study of swallowing focused primarily
on the action of the tongue in dry swallowing conditions. Food intake models of dry swallow-
ing have commonly considered food preparation and bolus size reduction as mere transport-

swallow steps [Lucas et al., 2002, Hiiemae, 2004]. However, food preparation and bolus size
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reduction comprise three major tongue configurations that are early bolus accommodation, later
bolus accommodation and propulsions. In Napadow et al. [1999b]’s study, mid-sagittal MRI
images of the tongue were divided into four regions, each of which consisted of tagged ele-
ments which were traceable in different shape configurations and which represented one, or
several parts of individual muscles. The deformed tagged elements during tongue elongation
are used to calculate the axial strain patterns within those regions. The third axial strain com-
ponent, which is perpendicular to the image plane, are computed under the assumption of
incompressibility. Combined with the muscles’ orientations, Napadow et al. [1999b] outlined

a comprehensive muscular activation pattern based on quantitative movement information.

Later, Felton et al. [2007] assessed tongue deformation during the propulsive phase by using
phase-contrast MRI. The images were acquired in the sagittal and coronal orientations within
600 ms of the gating pulse during 2.5 ml water bolus swallows. The local principal strains
were computed from predefined tags on the images. The authors reported that compressive
strain along the direction of the transversus and verticalis muscles occurred in the middle and
posterior tongue, obliquely aligned between the anterior-inferior and the posterior-superior re-
gions. They concluded that bolus propulsion may consist of much more complex muscle acti-
vation patterns than previously thought. The genioglossus, hyoglossus and styloglossus were

considered to play synergistic roles with minor contributions from intrinsic muscles.

Using ultrasound imaging, Stone and Shawker [1986] studied the tongue-palate interaction dur-
ing swallowing by tracking pre-installed markers (pellet). The tissue deformation was observed
to show a wave propagation pattern in bolus propulsion. This was explained by the major move-
ment of the tongue in the superior direction and the subsequent contact with the upper palate.
Ono et al. [2004], Kieser et al. [2008] and Kennedy et al. [2010] verified the phenomenon by
using a custom-designed pressure measurement device. The measurement palate consisted of
a pressure sensor array which was distributed on the surface for capturing potential interaction
with the tongue body. Figure 2.8 presents the pressure measurement palate used by Ono et al.
[2004]. The resulting data of pressure versus time at each sensor location shows a clear pattern

in which the tongue establishes contact with the anterior hard palate, then gradually approaches

37



Figure 2.8: The customized plate for measuring upper palate contact pressure, reproduced from
Ono et al. [2004]. The numbers on each sensor location labels the sensor index. Kieser et al.
[2008], Kennedy et al. [2010] used a similar design for measuring contact pressure patterns
during swallowing.

the middle section, and ends with a minor interaction at the posterior side of the upper palate

[Ono et al., 2004, Kieser et al., 2008, Kennedy et al., 2010].

In summary, the tongue movements during swallowing can be seen as a consequence of mul-
tiple actions of individual muscles and contact between the tongue and surrounding structures.
In the present research, it is assumed that food preparation and bolus size reduction comprise
three major tongue configurations, i.e. early accommodation, later accommodation and propul-
sion, as outlined in Napadow et al. [1999b]. Each of these configurations is formed by the
co-activation of multiple muscles and and the incompressible nature of muscle tissue. Thereby,
the interaction between the tongue and other surrounding oral structures needs to be taken into
account. The contact between the tongue and the bony parts, e.g. the hard palate and teeth, con-

strain the deformation of the tongue due to muscle contraction and result in an external force
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which also influences the tissue deformation.

2.3.4 Heterogeneous contraction of the tongue muscle in speech

production

As mentioned previously, phonetic research is strongly motivated to elucidate the relationship
between phonetic elements, i.e. vowels and consonants, and various tongue shapes. Conse-
quently, observing the motion of the tongue is the primary focus in speech research. MRI
studies have led some researchers to conclude that the tongue’s deformation during speech is
caused by co-activation of multiple muscle families similar to swallowing [Baer et al., 1991,
Honda, 1996, Narayanan et al., 1997, Ong and Stone, 1998]. Furthermore, research indicates
that the muscle activation patterns during speech may be more complex than the uniform con-
traction of single muscles. For instance, Takano and Honda [2007] studied the kinematics of
the tongue in speech using MR images. It was concluded that, regardless of the anatomical
classification of muscle groups, the regional tissue contraction is strongly associated with back

vowels and front vowels, indicating heterogeneous contractile muscle properties.

By combining cine-MRI and ultrasound imaging, Stone et al. [2004] reported a functional seg-
ment controlling effect in the transversus, verticalis and genioglossus muscles during phonic
tasks. Strong evidence was given that the tongue cannot be considered as being simply divided
into tip and body, and that tongue muscles may not be activated uniformly during those physi-
ological tasks [Stone et al., 2004]. In the case of the articulation of | k |, the tongue performs
a retraction action during which the tongue body shifts backwards [Stone et al., 2004]. Using
images of the mid-sagittal plane, the middle portion of the tongue showed a significantly more
obvious compression-like deformation compared to the deformation of the tip of the tongue.
Based on these findings, Stone et al. [2004] concluded that the verticalis and transversus mus-
cles must share a similar segmental structure as the genioglossus muscle. Furthermore, Stone
et al. [2004] concluded that the different movements between anterior and posterior tongue

parts suggest at least two different functional segments within the transversus and verticalis
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muscles.

Another MRI study on speech, conducted by Parthasarathy et al. [2007], reported a similar
phenomenon comprising a non-uniform localised strain pattern of the tongue body during ar-
ticulation from | u | to | k |. They found that the tongue was gradually elevated from its anterior
to its posterior region, which resulted in varying movement directions throughout the tongue
body. Similar retractile action has been observed in the propulsive phase of swallowing. In
particular, the tongue has been found to contract along the medial-lateral axis, while expand-
ing in the anterior-posterior and superior-inferior directions, constrained by the upper-palate
[Napadow et al., 1999b, Ono et al., 2004, Kieser et al., 2008, Kennedy et al., 2010]. Similar
observations have been reported by Takano and Honda [2007] in one of their studies on the
linkage between regional tissue activity and a variety of vowels. However, no study has yet

reported on the functional role of individual tongue segments during the propulsive phase.

Wozniak and Young [1969] and O’Kusky and Norman [1995] reported on the complexity of
neuronal muscle innervation in the tongue. At least 6500 motoreurons were estimated on each
side of the tongue, leading to a total of 13000 hypoglossal motoneurons to innervate the human
tongue. Each layer of interwoven intrinsic muscles, i.e. transversus and verticalis, was found to
contain its own motoreurons, and hence, present with an ability to independently control fibre
contraction [Miyawaki et al., 1975, Mu and Sanders, 1999, Takemoto, 2001]. As such, it is
likely that locally varying contractile properties exist within a single muscle family, particularly

within intrinsic muscles.

2.4 Clinical measurement of tongue motion

As mentioned in Section 1.3.2, EMA was originally designed for tracking facial and tongue
movements in phonetic research. The EMA system within this thesis refers to an Articulograph
AGS500 developed by Carstens Medizinelektronik GmbH in Germany'. Henceforward, the term

of Carstens AGS500 refers specifically to this articulography system.

I'See http://www.articulograph.de
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2.4.1 Electromagnetic articulograph setup

As shown in Figure 2.9, a typical EMA system includes a helmet cube, a number of transmitter
coils, and a signal processing module that connects the transmitter coils to a computer. The
helmet cube consists of a set of 3 large transmitter coil systems mounted in the upper corners
of the cube. The coils generate alternating electromagnetic fields of different frequencies. A
number of receiver coils (motion sensors) are placed on the subject’s articulators (tongue, jaw,
lips and teeth). The basic underlying principle of the EMA system is based on the Hall effect
[Kaburagi et al., 2005]. During an experiment, the receiver coils influence the magnetic field
and electrical currents are passively generated within the transmitter coils. Those electrical cur-
rents (a cluster of signals) are subsequently interpreted as the motion sensors’ 3D coordinates

and orientations (2 angles), which can be visualised on a standard PC.

A standard Carstens AG500 system is equipped with 12 motion sensors of size 2 mm X 3
mm. which are tracked with a frequency of frequency of 200 frames per second. During an
experiment, the motion sensors have to be positioned on the desired motion tracking points (as
shown in Figure 2.10). The sensors’ trajectories are required to remain inside of the cube. Any
sensor motion beyond the measurement range of the helmet cube (300 mm x 300 mm x 300

mm) is neglected.

2.4.2 Accuracy assessment of the EMA AG500 system in motion tracking

Yunusova et al. [2009] and Kroos [2012] performed an extensive accuracy assessment of Carstens
AG500 in motion tracking. In Yunusova et al. [2009]’s study, the helmet cube was divided into
four spatial regions. Each of which was tested with a variety of sensor movements, includ-
ing (1) the movements of a calibration device, (2) the movements of the motion sensors in a
cartridge device, and (3) various articulation tasks. The term “error” referred to the positional
error in relation to the sensor location within the measurement field. Yunusova et al. [2009]
summarised their findings in two main observations (1) the magnitude of the measurement

errors correlated with the recording regions within the helmet cube, and were dependent on
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(a) Articulograph AG500

(b) Motion sensors for Articulograph AG500

Figure 2.9: Articulograph AG500 system including motion sensors from Carstens Medizinelek-
tronik GmbH, Germany.
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Figure 2.10: An example deployment of the Articulograph AG500 system motion sensor. In
common practice, at least three sensors are used to identify the rotational movement of the
head, or a mandible, as shown in Figure 2.10(b).

the particular measurement task; (2) the median error was less than 0.5 mm across various
recording tests, with the peak values being between 1 to 2 mm. Testing of ”small movements”
showed a median of 0.49 mm with 50% of the error data ranging from 0.18 mm to 0.83 mm
and 5% of the error at the high tail of the distribution above 2.43 mm. Moreover, there was a
slightly lower error distribution in the central region of the helmet cube (0.5 mm) compared to

the surrounding areas.

Kroos [2012] conducted another independent study on the accuracy of the Carstens AG500
by comparing the EMA data with simultaneously acquired data from the Vicon optical motion
tracking system. Kroos [2012] reported that the standard deviation of inter-sensor distances
(relative error) were below 1 mm, and the standard derivation of the absolute error ranged
between 1 mm and 2 mm. Kroos [2012] concluded that any results from EMA have to be

interpreted with care due to potentially large measurement errors.

However, the results by Yunusova et al. [2009] and Kroos [2012] do not provide any conclusive
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statistical noise patterns within the helmet cube. Thus, a few assumptions need to be drawn to
model the noise pattern based on the available data. Based on the studies by Yunusova et al.
[2009] and Kroos [2012], it can be assumed that the variance of the noise distribution is finite,
and the infinite variance distribution does not apply. Thus, the statistical noise distribution can
be assumed to be a multi-variant Gaussian distribution N(¢,X). According to Yunusova et al.
[2009], the median error rate is around 0.49 mm for small movements; while Kroos [2012]
measured the absolute and relative errors, which were shown to be less than 1 mm and ranged
between 1 mm to 2 mm, respectively. In the scope of the present work, the noise distribution
within the helmet cube is assumed to be independent with respect to the 3 spatial directions.

The probability density function of the noise distribution with mean g is defined as,

flx)= Wexp (—%(x—u)Tzl(x—m) 2.1)

and with a standard deviation of 0.7 mm in all three axial directions, the diagonal entries of
variance are set to Zizl- = 0.49. Note that, the variances in x-y, y-z and x-z direction are not

considered here, i.e. 0; ; = 0 where i # j.

2.4.3 Advantages and disadvantages of EMA

The EMA is a point tracking system that captures the positions of a limited number of sen-
sors. There are several advantages and disadvantages to the EMA system when applyed to oral

related research.

Advantages

The Articulograph AG500 by Carstens has the following advantages for studying facial and

intra-oral motion:

* The motion sensors of the Articulograph AG500 are small compared with optical-based

sensor tracking systems. The small size of the sensors allows experimentalists to place
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them in the oral cavity to monitor the intra-oral motion, and are especially useful to

record tongue deformation.

* The Articulograph AG500 by Carstens can track the SD kinematic data of each motion
sensor, including its spatial coordinates and its orientation (i.e. two additional angles) in
3D space. As such, the EMA system provides a comprehensive kinematic data set of the

particular material points.

* The Carstens AG500 is able to sample the motion of a sensor at a rate of 200 times
per second. Using the motion data, the velocity of the tongue’s shape changes can be

approximated at sample rate of 200 Hz.

* The high temporal resolution of the Articulograph AG500 is superior to other measure-
ment techniques. Unlike tagged-MRI, the subject is not required to maintain a posture
for a certain amount of time. Thus, short-interval motion (normally less than 1 seconds)

such as speech production can be monitored.

Disadvantages

There are several disadvantages of the Articulograph AG500 applied to tracking tongue motion

during swallowing:

* The motion tracking ability of the Carstens AG500, or any EMA system, is generally
restricted by the number of deployable motion sensors. In practice, only a limited number
of motion sensors, e.g. 12 in Carstens AG500, can be deployed. This certainly prohibits
a full view of the entire surface deformation. The size of a motion sensor is 2 mm X
3 mm. This implies that the minimum inter-centre distance between any two sensors

ranges from 2 mm to 3 mm.

» Each motion sensor in the EMA system comprises a transmitter coil. Electrical currents
produced within those coils may influence the neighbouring sensor signals if their dis-

tance is shorter than a certain level [Kroos, 2012]. Consequently, a minimum distance of
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3 mm has to be maintained between any two sensors. This fact limits the possibility of

approximating the local strain by merely using data from neighbouring motion sensors.

* The Carstens AG500, which was designed for phonetic studies, does not principally
support the physiological and experimental conditions in swallowing. The sensors are
attached to the dorsum of the tongue using glue; however, the adherence between the
sensors and body tissue may weaken due to lubrication of saliva [Kroos, 2012]. Further-
more, the sensors, with wired connections, may lead to an uncomfortable experience for

the subject. This could influence the quality of data collected during an experiment.

* In some experimental studies, e.g. the investigation of inter-individual variability, the ex-
perimentalist has to reproduce (register) the same sensor positions on different subjects.
However, the highly flexible tongue body makes it difficult to locate a precise sensor

location in the reference state, making the registration process a challenge task.

* Capturing the characteristic motion (e.g. the largest motion) of the tongue body is the
primary application of the EMA system. However, some regions, e.g., posterior dor-
sum, in the propulsive phase [Napadow et al., 1999b, Felton et al., 2007], are practically

inaccessible using the motion sensors provided by Carstens AG500.

* As with any measurement device, the Carstens AG500 has an inherent natural non-
uniform machine error [Yunusova et al., 2009, Kroos, 2012]. Kroos [2012] pointed out

that such noise could lead to incorrect conclusions when applied to small movements.

It is desirable to reduce measurement errors to a minimum, without having to fundamentally
change or reinvent the system. An improvement could be achieved, for instance, with a model-

based mathematical optimization of the motion sensor placement.
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Chapter 3

Theoretical background for the

computational modelling

The tongue is a soft tissue organ and comprises a collection of multiple skeletal muscles. Soft
tissues (e.g. skeletal muscles) are commonly modelled using a finite element modelling ap-
proach driven by the finite elasticity theory (large deformation theory). The deformation of
muscle tissue can be represented by strain tensors, and the corresponding strain-energy func-
tion over the entire deformation process. In this section, the theoretical foundation of modelling
the soft tissue of the tongue is presented and based on the books by Ogden [1997] and Holzapfel
[2000a]. The fundamentals of modelling include the definitions of strain, stress and the strain-
energy function in the Lagrangian framework, which describes the movement and other related
quantities with respect to the Lagrangian material coordinates in the reference/undeformed

state.

3.1 Reference coordinate system and motion

In continuum mechanics, the deformation of a continuum is referred to as the quantitative

description of the deformation between two material states, namely, the reference configuration
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and the deformed configuration. The undeformed configuration is used as the reference state
of the material points within the object domain. Here, the spatial domain of the object in
the reference configuration is denoted as Qo where subscript O indicates the initial state. The
current configuration, or deformed state, refers to a state in which the spatial locations of the
material points differ from the initial configuration due to external loads or other forces. In the
scope of this work, the spatial domain in the deformed configuration is denoted as Q,, where ¢

indicates either a specific time or processing step.

In the analysis of continuum deformations, a series of coordinates systems need to be defined
to quantitatively describe the movement (displacement) of material points. A global reference
system, called the spatial coordinate system, is used to describe the spatial positions of material
points in 3D space. The spatial coordinate system is an independent reference system that
remains constant throughout the entire process of deformation. The coordinates of a particle
in the spatial coordinate system are denoted by x. Similarly, a material coordinate system
is defined to describe the position of material particles with respect to the continuous media,
denoted as X. The material coordinate X remains constant during deformation. In other words,
the material coordinate frame deforms simultaneously with the continuum body. The material
coordinate system is commonly used to define the mechanical properties of the material (stress-

strain relationship).

In the reference state, the material coordinate system can be conveniently aligned with the
spatial coordinate system. In the case that the spatial and the material coordinate systems are

aligned with each other, the motion of a particle, i.e. displacement, can be defined as

u=x—X, 3.1

where x are the coordinates in the deformed €2, configuration of the coordinate of material point
X in Q. In case of modelling skeletal muscles, the material coordinate system is often defined

as a curvilinear coordinate system to better quantify the local material properties of muscle
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tissue. The conversion of coordinates between two coordinate systems is done through
x=J(X)X, (3.2)

where J is the Jacobian matrix.

3.2 Deformation, strain and energy

3.2.1 Deformation and strain tensor

Strain is used to define the relative movements of material particles between two states and is
derived from the measurement of deformation. Thereby, the deformation gradient tensor F is
used for mapping an infinitesimal small material line dX with point X in the initial configuration

Q to dx in the deformed configuration Q, as follows
dx = FdX. (3.3)
Further deduction yields

du = dx—dX,

= (F-I)dX, (3.4)

with du being defined as displacement. Performing the limit, one obtains F = I + Vu. Further,

under realistic physical conditions, the following assumptions can be drawn,
det(F) # 0, (3.5)

hence,

FdX 0 for all dX # 0, (3.6)
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which implies a non-singular symmetric property of F. A material line (dX or dx) has to

possess a certain length. As a consequence, the following condition applies,

dx-dx = dX - (F'F)dX = (FdX) - (FdX) > 0, (3.7)

implying that F” F is positive definite. F” F is also called the right Cauchy-Green tensor denoted

as C.

The condition (3.6) can be further used to analyse changes in the local volume. Considering a

continuum made up of the triads dX!, dX? and dX3 in 3D space, its volume dV is defined as

dV = det(dX', dX?, dX?). (3.8)

Similarly, dV in a deformed configuration £; can be written as

dv = det(dx', dx?, dx®). (3.9)

where dV is related to dv via,

dv = det(F)dV. (3.10)

Defining J = det(C) = (det(F))?, any local volumetric change has to satisfy the condition

J = det(C) > 0, (3.11)

in which det(C) = det(UU). If the material complies to the incompressible condition (volume
conservation) during deformation, then J = 1. In general, the movement (displacement) of a
material line involves a rotation R and a stretching U. The right polar decomposition of the

deformation gradient tensor leads to F = RU.

The change in the length of the material line dX can be described using the so-called Green-

Lagrangian strain tensor E, such that |dx|? — |dX|? = dX-EdX where E = F'F —I. This can
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be rewritten in the terms of C, such that

E = %(C—I), (3.12)

= %(FTF—I), (3.13)
E can be written in terms of the displacement gradient tensor D = Vu = F — I, thus obtaining
E:%(D+DT+DTD). (3.14)

Since C is positive definite, the spectral decomposition applied to C yields

3
C=Y A'N;®N;, (3.15)
i=1

where N; is the principal stretch direction with respect to the material (elemental) coordinate
system. Consequently, Equation 3.15 can be written in terms of the stretch tensor U with

respect to the material coordinate system as

3
U=) AN;®N; (3.16)
i=1

A key feature of hyperelastic materials is that their deformation is not dependent on the path of
deformation [Ogden, 1997]. In other words, the finial deformed state of a hyperelastic mate-
rial can be derived directly from its initial configuration without knowledge of its intermediate
states. Therefore, the deformation gradient tensor F can be used to provide a direct mapping
from the initial state to any given deformed configuration; while the right Cauchy-Green tensor
C and the Green-Lagrangian strain tensor E provide direct estimate of the deformed configura-

tion of the material with respect to the initial configuration.
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3.2.2 Interior strain energy

In continuum mechanics, the overall deformation is often represented by the total interior stored

energy which depends on the Green Lagrangian strain tensor E,

vvtissue (E), (3 17)

where Wjise 1s the strain energy function returning a scalar value, and subscript ‘tissue’ refers
to the tissue body (continuous media). The dimensionless scalar energy function is commonly

associated with the strain invariants that are

I, = IF(C);
b= 5 [(r(©) ()]
L = det(C)

The three strain invariants are independent of the chosen material coordinate system (frame
indifference). For isotropic tissues, the total energy stored in the continuous elastic body can

be written in an implicit functional form as

‘/Vtissue<11,12713)- (318)

The strain energy function of anisotropic materials (e.g. isotropic materials with fibre reinforce-
ment) is not solely dependent on /1, I and /3, but also relies on the composition of the continu-
ous body and the material structure. In Chapter 4.3, a detailed description of the strain-energy

function of multiple fibre reinforced materials will be presented.

For composite materials, the interior energy can be considered as being stored in various com-
positions, known as the constituents. The theory of Helmholtz’s free energy suggests that the
energy is stored proportionally to the volume, or mass, of each constituent. Assuming that a
continuous domain £ consists of multiple constituents (e.g. muscle families), each occupying

a certain spatial domain denoted by Q; with i representing the constituent index, the volume
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occupation of a constituent in a unit block may be represented by the volume fraction

Vi

d;i = .
Vtotal

(3.19)

By definition, the summed volume fractions of multiple constituents within such a sample block

must satisfy the following condition,

-

di=1, (3.20)

i=1

where 7 is the number of constituents within the sample. The factor d; is a scalar field reflecting

the volume weight of various components in an infinitesimal control volume of tissue.

In an ideal situation, if constituent i occupies the entire domain €, the strain-energy function
represents the total energy stored in the entire domain . In reality, however, each constituent
i is only distributed within a certain spatial domain €2( ;. Thus, the interior energy can be ex-
pected to vary spatially in accordance with the material composition at each material point.
Hence, the total strain energy within the tissue can be formulated in terms of the volume frac-

tions of its constituents and the Green’s strain tensor E as

(3.21)

1=
s~
=
E

VVtissue (E) —

i

where W;issue(E) is the total strain energy stored in the biological tissue body and W; is the
energy stored in the i-th constituent. The volume fraction functions d;(X) define the local tis-
sue material compositions. This implies that the spatial domain (£2() possesses heterogeneous
material properties, and hence, that the mechanical behaviour of the tissue depends on the

distributions of its constituents, as previously assumed in Lanir [1983] and Kim et al. [2009].

3.2.3 Total potential energy

The deformation of a continuous body may be caused by an externally applied load, or, so-
called, traction loads, or driven by a far field force, e.g. gravitational force. The traction loads

are represented as a vector quantity t. The total energy produced by the traction loads can be
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obtained through the surface integral such that

Wiraction = / t-uds, (3.22)
oL

where dQ indicates the integration over the boundary surface to which t is applied on, and u
denotes the displacement. The gravitational force can also be written as a vector force b. The

total gravitational energy is then obtained through

Wgravitation = /Q b- UdV7 (323)

where €); indicates that the gravitational force is applied to all material points, and that the
overall integration is with respect to the entire material body. Thus, the total potential energy

of the system is calculated as

VVtolal = Wrissue — Wrraction — gravitation- (324)

Note that, without considering the energy produced by external loads (Wi,acrion and Weraviration)s
Wiotar = Wrissue 18 yielded. According to the principles of minimum energy, the system will
reach a state of stable equilibrium once the overall potential energy reaches a minimum value
(min W, ;). Thus, a solution needs to be found to minimise the total potential energy of the

system, which is done by setting its first variation 6W;,,; to zero
6VVtotal =0. (3.25)

In such a configuration, the entire system needs to be stable and able to converge back to a state

of stability even in the presence of of perturbations. The condition of stability leads to
6Wiora(6u) =0, (3.26)

where ou denotes the virtual displacement, and it has to satisfy that du +— mathbf0. This

formulation is also referred to as the principal of virtual work.
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3.3 Stress

Movement of a continuum body gives rise to interactions between material points in the interior
of the body. Such interactions are often interpreted as forces or stress. In solid mechanics, the
constitutive relation commonly refers to the explicit mathematical formulation that defines the

stress tensor in relation to the various components of strain.

3.3.1 Concepts and types of stress

Considering the object domain € in an initial state with a boundary d€2( and an infinitesimal
resultant force df applied to a surface element ds in the deformed configuration, the following

relationship is obtained

df =tds ="TdS, (3.27)

where t represents a traction vector measured with respect to the deformed state of the material
boundary d€;, and T denotes the first Piola-Kirchhoff traction vector that is measured with
respect to the undeformed state of the surface element dS. The outward normal vectors with
respect to the initial and deformed configurations are denoted as N and n, respectively. From

this, second-order tensor fields can be derived by

t=on, (3.28)

T =PN, (3.29)

where 0 is called the Cauchy stress tensor and P the first Piola-Kirchhoff stress tensor. Each

stress tensor satisfies the following condition

/ onds= | JPF TNdSs, (3.30)
Q[ QO
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Defining the Cauchy stress tensor using the spectral decomposition such that

O =

3
on; ¥n;, (3.31)

i=1

where o; is the eignvalue and n; is the corresponding eignvector of the tensor (matrix)o. The

Piola transformation can be reformulated as follows

3
P = J() om®n)(RU), (3.32)

i=1

3
= J(Y omaN,)(U™"). (3.33)
i=1

The resulting two point tensor P links the reference configuration with the current configura-
tion, whereby the Cauchy stress tensor is defined with respect to the global reference coor-
dinates system. However, it is desirable to further define stress with respect to the material
coordinate system. This is achieved by applying the inverse Piola transformation (a push-back
operation) to the Cauchy stress tensor, resulting in the so-called second Piola-Kirchhoff stress
tensor S as

S=JF 'oFT. (3.34)

The second Piola-Kirchhoff stress tensor defines stress with respect to the material coordinate
system. The second Piola-Kirchhoff and Cauchy stress tensors represent the same loading state,
however, with respect to different coordinate systems. The Cauchy stress tensor describes stress
with respect to the current, deformed configuration €);, whereas the second Piola-Kirchhoff stress

tensor describes stress with respect to the reference configuration €.

3.3.2 Derivation of stress

The different stress tensors are obtained by differentiating the strain energy function with re-
spect to different strain tensors. The types of stress tensors deduced from the derivative of the
scalar strain energy function rely on the choice of the strain tensor. Differentiation of the strain

energy function with respect to the Green strain, that is the strain tensors with respect to the

56



reference configuration, leads to the second Piola-Kirchhoff stress tensor,

oW;;
Stissue = at;;sue . (335)
The Cauchy stress tensor is obtained through
oW;;
O tissue = F at::sue FT~ (336)

Using the chain rule, the second Piola-Kirchhoff tensor, for example in the case of isotropic
material, can therefore be re-written as

S . avvtissue(llaIZak)
tissue — 8E

_ i aVVtzssue 11712713) al

2 Fioh (3.37)

A further derivation can be carried out on a deformable body with multiple constituents. To
recall, the stored energies within different constituents are added linearly to obtain the total
strain energy function. The total stress within a material with multiple constituents has a similar

form, with the resultant second Piola-Kirchhoff tensor defined as

S . a‘/Vtissue
tissue — oE

N
= Zd,- - (3.38)

Particular materials exhibit particular functional relationships between stress and strain. Stress-
strain relationships are mathematically formulated using constitutive equations. Constitutive
equations are usually derived from experimental measurements. Once the stress-strain rela-

tionship of a material is defined, the governing energy equation can be readily obtained

‘/Vtissue - /Q Stissue: EdV. (339)
0
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3.4 Summary

This chapter presented the theoretical fundamentals were used to model the tongue mechan-
ics. The computational tongue model was built on the finite deformation theory. The tissue’s
mechanical behaviour was mathematically represented using the second Piola-Kirchhoff stress
tensor. The deformation was described by the governing energy equation. In this dissertation,
only deformed geometric shape is of most interest. Therefore, the path of deformation from
one state to the other was not considered. In other words, the dynamics of the tongue was not
considered or modelled in this study, and a quasi-static system condition was applied to the

tongue model.

58



Chapter 4

Finite element modelling of the tongue

4.1 Modelling conditions and original data

Modelling is an idealisation process for which the underlying assumptions and conditions re-
quire clarification. The tongue is treated as a continuous media that can be represented by a
volumetric finite element model. The tissue within the tongue body is considered as a nonlinear
material in which the mechanical characteristics are influenced by its anatomical structures. As
such, the constitutive equations, specifying the contractile properties of either one or multiple
muscular families, need to be coupled with the geometric model to accurately reproduce the

deformation.

The FE model of the tongue has been developed using a set of images from the female set of
the Visible Human data project [Spitzer et al., 1996]. The image set consists of a collection of
axial anatomical photographs (transverses plane) of which the spatial resolution is 0.33 mm X
0.33 mm and the image space is approximately 0.33 mm. The image data of the tongue was
manually digitised and originally contributed by Wilhelms-Tricarico [2005]. The digitised data
include three parts: a collection of the spatial coordinates of the tongue surface, the direction

of each muscle family, and the volume fractions of each fibre family.

The mechanical behaviour of the tongues of different individuals may vary due to subject-

59



specific variations in anatomical and mechanical properties due to gender or age [Sonies et al.,
1984, Pae and Lowe, 1999]. The following key conditions/assumptions are assumed in the

scope of this research:

1. Only the interaction between the tongue and the upper palate is considered in the mod-

elling framework for study swallowing.

2. The tongue model in this study aims to reflect the deformation mechanism from a pure
mechanical perspective. Other possible variables, for instance the neural control system

or the possible influence of temperature, are not taken into consideration.

3. The consideration of subject-specific variability of the tongue shape is limited by the
available data. Large subject-specific variations in tongue shape and structure, and their

possible effects on tongue mechanics, are not discussed or considered here.

4.2 Geometrical modelling

The anatomical modelling of the tongue includes two parts which are (1) a model of the ge-
ometric shape of the tongue and (2) a model of the interior fibrous architecture. The latter is
coupled with the geometric shape model to provide the anatomical details of the distributions

and spatially varying orientations of various fibre families.

4.2.1 The geometric model

The geometrical FE model of the tongue is used to approximate the volumetric domain of
the tongue body. Within this project, cubic Hermite basis functions are used to deal with the
complex surface geometry and provide a continuous strain field for the computation of tongue
deformations [Bradley et al., 1997]. The fitting procedure called face fitting (FF), proposed by
Bradley et al. [1997], is used in this research to refine the surface curvature of the tongue model

according to the digitised image data. The face fitting technique has extensively been applied
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to muscular organ modelling, for instance, in Nash and Hunter [2000] or Rohrle and Pullan
[2007]. Figure 4.1 illustrates the fitted tongue model, for which all derivatives are determined

using the face fitting, leading to a smooth surface of the FE mesh.

(©) (d)

Figure 4.1: The geometric tongue model with interior nodes and elements. The golden nodes
indicate the elemental nodes that define each element. The connectivities of nodes are repre-
sented as white cylindrical lines. The colours of the orthogonal axes outside the tongue model
indicate the global coordinate system with the superior (blue), posterior (green) and lateral (red)
directions.

4.2.2 Modelling the architecture of the tongue tissue

The tongue comprises two groups of constituents: (1) a ground matrix and (2) muscle tis-

sue which is divided into intrinsic muscles (i.e., transversus, verticalis, superior longitudinalis
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and inferior longitudinalis) and extrinsic and external muscles (such as the genioglossus ante-
rior, genioglossus posterior, hyoglossus, styloglossus, mylohyoid and digastric). Modelling the
architecture of the tongue tissue requires a mathematical description of its fibrous constituents
(muscles) and the ground matrix according to their anatomical compositions presented in Chap-

ter 2.

The fibrous constituent (muscle fibre) possesses two anatomical properties: spatially varying
fibre orientations and local compositions of fibres within the tongue body. The fibre orientation
is modelled as a 3D vector field that defines the fibre directions throughout the 3D geometrical
tongue model. The volume composition is modelled as a weighting field throughout the geo-
metric model, and it defines the muscle distributions within the tongue (volume fraction). The

remaining substance within the 3D geometrical model is considered to be the ground matrix.

Fibrous structure fields

The anatomical properties of the fibrous constituents refer to the fibrous muscle architecture
which is modelled as a collection of separate field variables. The local value of a field variable

at each Gauss point can be obtained through standard interpolation.

Fibre composition and architecture fields: The muscle composition of the tongue is modelled
for each fibre family i by means of volume fraction d;p,. ;. The condition 0 < dfipe; < 1 holds
for regions which contain muscle fibres; while the condition d; = 0 holds for regions without
muscles, respectively. At any position within the model, the local constituent composition

needs to satisfy the following condition

n

dnaric+ Y, dfiprei =1, (4.1)
ieF={t,vsl,...}

where dqrix denotes the volume fraction of the ground matrix (which includes proteogly-
cans and fat) [Brandan, 1994, Yanagishita, 1993], and .% is the set of muscle group indices,

ie. {t,v,sl,...}.
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The fibre orientation is a directional property which can be represented by a spatially vary-
ing vector field. The vector field describing the fibre orientation, is denoted as a; (||a;|| = 1)
where subscript i indicates the index of a particular muscle group. The field parameter a;
is composed of 3 independent scalar components in 3D space, such that a; = (x,y,z). Fibre
orientation and composition are described as independent field variables at each node of the
geometric FE model. Therefore, a total of 4 parameters directly associates with each fibre
family, (dfiprei,X,y,z). The field values of these independent field variables at each node were

calculated using the 3D field fitting procedure [Bradley et al., 1997].

Each fibre family has 4 data fields, including the x, y and z components of the vector a;, and
a scalar value for defining the volume fraction. Since the tri-cubic Hermite basis functions
are employed to interpolate the field values of the geometric model, the nodal values con-
sist of 7 additional derivative fields. As a result, besides the the geometrical coordinates, the
nodal parameters also include muscle orientations in 3D space with their corresponding vol-
ume fractions, and the respective derivatives for the tri-cubic Hermite interpolation scheme.
Consequently, each node consists of 40 data field variables with a total of 308 derivative fields

for describing the distributions and orientations of the 10 fibre families and the ground matrix.

For each fibre family, an interpolation function is introduced to interpolate the volume fraction
and the components of fibre direction at the gauss point. The interpolation function is of the
form f: R* — R where R* consists of the spatial locations £¢ within the element and the
volume fraction d at the location of £°. As an example, the volume fraction of the f-th fibre

group in the e-th element is interpolated by the following functional form

dfibre.f = F(E . Aipre.r) 4.2)

where €° is the interpolated location, and d fibre,r 18 the nodal values of volume fraction field of
the f-th fibre group. The detailed tri-cubic interpolation scheme can be seen from Bradley et al.
[1997]. The same formulation is applied to the components of vector ay for each fibre group.
Figure 4.2 shows the fitted fibre distribution within the tongue model with tri-cubic Hermite

basis functions for all fibre fields. Vectors of the same colour represent the orientation of a
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population of muscles with their magnitudes being scaled by the local volume fraction.

The fibre arrangement of the transversus muscle

In the present model, the transversus muscle mainly shows a fan-shape fibrous arrangement
towards the posterior direction, see Figure 4.3. An anatomical dissection was carried out in the

scope of the present work to ensure this feature is not subject-dependent.

The anatomical dissection was done on a single male cadaver, sectioned horizontally into 2.5
mm slices, and subsequently, processed using a S10 plastination technique [Weber and Henry,
1993]. The cadaver was donated to the Department of Anatomy and Structural Biology, Uni-
versity of Otago, New Zealand, for the purpose of teaching and research under the New Zealand
Human Tissues Act 1964. During the E12 sheet plastination, the water and liquids of the tis-
sues were replaced by curable resin at a cellular level [Johnson et al., 2000]. As a result, the in
situ positions of all the tissues are preserved and could be examined at both macroscopic and

microscopic levels.

After fixation in 10% neutral buffered formalin, the cadaver was frozen at -80°C for more than
24 hours, and subsequently, sectioned at a thickness of 2.5 mm using a band saw. Slices were
dehydrated in increasing concentrations of acetone (95% to 100%) at -30°C for 6 weeks and
degreased at 22°C to 24 °C for 2 weeks. Subsequently, the slices were immersed in a polymer
mixture and placed in a vacuum container at 0 °C for 24 hours. The polymer mixture consisted
of Biodur E12/E1/AE10/AE30 (100:28:20:5, parts by weight; Biodur, Heidelberg, Germany).
Finally, the slices were laid between plastic sheets and cured at 32°C and 45°C for 1 week

before being examined under a dissecting microscope.

Figure 4.4 shows the horizontal dissection image (transverse plane) of the human tongue tissue.
In the posterior region, where the styloglossus and transversus muscles are inter-digitate, the
fibrous arrangements can clearly be identified as fan shape towards the posterior direction. The
orientations of fibres in this region are not perfectly arranged in the medial-lateral direction.

This indicates that the transversus muscle is not orientated along the same direction throughout
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(a) Transversus (green) and verticalis (blue) (b) Hyoglossus muscle
muscles

(e) Mylohyoid muscle (f) Styloglossus muscle

Figure 4.2: The fibrous structure fitted within the geometric tongue model. The solid cylinder
represent the local fibre directions at each spatial location. The length of each cylinder is scaled
by the corresponding volume fraction. The colours of the orthogonal axes outside the tongue
model indicate the orientation of each sub-figure and have no linkage with the fibres.
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Figure 4.3: The fibrous structure of the transversus muscle within the geometric tongue model.
The solid green cylinders represent the local fibre directions at each spatial location. The length
of each cylinder is scaled by the corresponding volume fraction. The colours of the orthogonal
axes outside the tongue model indicate the orientation of each sub-figure and have no linkage
with the fibres.

the entire tongue body, shifting from a medial-lateral to an anterior-posterior direction. Most
importantly, the anatomical dissection showed the same fibrous structure of the transversus

muscle as observed in the tongue model.

Description of the ground matrix field and functional segments

The ground matrix provides the support structure for the embedded muscle fibres. The stress
contribution of the ground matrix depends on the local volumetric compositions dgrix, Which

can be obtained through 1 —3ic 7—; , 51...} dfibre.i-

As mentioned in Section 2.3.4, there are some experimental reports showing that, the tongue
muscles may exhibit a heterogeneous contraction pattern, the so-called functional segment con-
trol, during speech or swallowing. The functional segment of a muscle group can be seen as
a series of additional field variables which define the internal stresses due to muscle contrac-
tion. The functional segment is thereby commonly considered as a ”switch” variable taking 0

and 1 as possible values. The switch variable is denoted by sy i, j, Where subscript j is the
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Figure 4.4: Horizontal plastinated section of a human cadaveric tongue, showing styloglossus
muscle fibres SG reaching to the tip of the tongue (open arrows). The enlarged area is of
the base of the tongue, showing styloglossus fibres branching off to reach across the posterior
dorsum (closed arrows). The red arrow points in the posterior direction. Photos taken by Prof.
Jules Kieser at University of Otago, used with permission.

segment index of the i-th fibre population. The condition s ; ; = 0 holds for Gauss points

in non-activated segments; while sy ;x = 1 with j # k holds for Gauss points in activated

segments.

Unlike a continuous field, e.g. volume fraction, the functional fields are discontinuous. There-
fore, a look-up table is used to define whether the functional segment variable at each Gauss
point is switched on or off during computation. A detailed explanation of how the variable

influences the muscular mechanical characteristics is presented in Chapter 4.3.3.

4.3 Constitutive modelling

Within the tongue, multiple muscle fibres connect tightly to each other and drive the entire body

deformation by means of single or multiple fibre contractions. From a mechanical modelling
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point of view, the aim is to reproduce the nodal movement by pre-defining the stress-strain rela-
tionship of tongue tissue (constitutive equations). The constitutive equations aim to capture the
mechanical characteristics of the fibrous muscle tissue within the tongue, and account for all
mechanical factors that could influence the resultant stress due to contraction. In this section,
the basic properties of the tongue muscles are summarised first. A constitutive equation, ac-
counting for multiple constituents, which models the contractile properties of muscle fibres and
the passive mechanical properties within muscle tissue, is then proposed. Finally, the detailed

computational implementation of the constitutive equation is presented.

4.3.1 The mechanical properties of tongue muscles

The first characteristics of the tongue muscle, addressed in this section, is volume conserva-
tion. In 1663, Swammerdam provided the first evidence that the volumes of skeletal muscles
are maintained during deformation due to active contraction or external loading [Needham
and Needham, 1971]. This phenomena is commonly known as the volumetric conversation
property of skeletal muscles. Tongue tissue has been hypothesised to possess volumetric con-
servation properties based on observations by Smith and Kier [1989], Kier [1988], Thompson

et al. [1998] and more recently by Kairaitis [2010].

Napadow et al. [1999a] made an initial attempt to verify the volume conservation property
of tongue tissue using tagged-MRI. In their study, the local axial and principal strains were
deducted through deformed tags on the images. In their case study, it was observed that the
axial strain due to tongue elongation possessed predominately positive strains in the anterior-
posterior direction, whereas negative strain patterns were present in superior-inferior direction.
The authors concluded that, under the assumption of volume conversation of the tissue, the
co-activation of the transversus and the verticalis muscles may drive the compressing like de-
formation in the superior-inferior and medial-lateral directions; and tongue tissue may possibly

only expand along the anterior-posterior direction due to its volumetric conversation property.

In addition to the volumetric conversation property, the tongue can be considered as a hypere-
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lastic material. Gerard et al. [2005] performed a series of ex-vivo indentation testing on human
lingual tissue. The experimental data could be approximated using the functional form of the
Mooney-Rivilin model, for which the stress levels exponentially increase with the rise in strain
levels. The deformation due to indentation did not depend on the loading history, but only on
the current loading condition. Once the force was removed, the shape of the tongue resumed

its original state. In continuum mechanics, this property is also referred to as hyperelasticity.

In addition to the hyperelastic and volumetric conservation properties, the mechanical prop-
erties of multiple muscle groups affect the deformation of the tongue body. Thus, the tongue
muscle can be considered an incompressible hyperelastic biological soft tissue with heteroge-

nous mechanical properties due to complex internal fibre arrangements.

4.3.2 Multi-fibre reinforced constitutive model

The constitutive model of soft tissue (e.g. muscle) refers to a mathematical equation that de-
scribes the degree of tissue deformation corresponding to a certain level of loading. In case of
muscles, loading forces are produced by active contraction or passive response due to stretch-
ing. Constitutive models in continuum biomechanics are commonly derived from experimental
quantification of the changes in stress with increasing strain, and are referred to as stress-strain
relationships. The stress-strain relationship of a tissue is fundamental for modelling its me-

chanical behaviour.

Two different mathematical forms have been adopted to model the constitutive relationship of
a particular tissue: phenomenological forms and structurally-based forms. Phenomenological
models were widely used in early research, for instance, in the nonlinear power form of the
force-length relationship described in Bogen [1987], Ogden [1997] or the exponential form of
the force-length relationship in Fung and Liu [1989]. Phenomenological models provided an
initial attempt to quantitatively explain the nonlinear properties of muscle tissue. However, they

did not account for the influences of fibrous structures on the overall stress-strain relationship.

A structurally-based modelling has further considered the fibrous influence as a factor in the
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mathematical form of the stress-strain relationship. Based on a series of experimental measure-
ments, Burkholder et al. [1994] reported that fibre length and fibre type distribution were the
most functionally significant parameters in determining skeletal muscle mechanics, whereas
the architectural properties of fibres were found to be the most structurally significant param-
eters. In a later study, Murray et al. [2000] measured the muscles crossing the human elbow,
and presented further evidence that the functional capabilities of a muscle depend on its archi-

tecture.

Several studies have aimed to model the anisotropic behaviour of muscle tissue due to its com-
plex fibrous muscle arrangement. Hayashi et al. [1974], Lanir [1983], He and Roach [1994]
introduced additional structural weighting factors (so-called volume fractions) to quantify un-
equal composition ratios of various constituents. [Holzapfel et al., 2000b, Gasser et al., 2006,
Holzapfel and Ogden, 2009] and Van Loocke et al. [2008] focused on the development of a
structurally-based form of the stress-strain relationship of soft tissues. Based on modelling re-
sults, Holzapfel [2000a] concluded that the total stress within biological soft tissue is the sum
of the contributions from various muscular constituents, including the ground matrix and in-
dividual fibres, and interactions between fibres. Furthermore, previous work by Murray et al.
[2000], Huijing [1999], Zajac [1989], Allinger et al. [1996] and Blemker et al. [2005] adopted
mechanics models of skeletal muscles to investigate the causes of non-uniform strain patterns
within muscles fascicles. In Blemker et al. [2005]’s study, the resulting stress along the fibre
direction depend on the strain along the same direction, and stress is concluded to be a linear

sum of an activation stress (concentric contraction) and a passive stress.

In this research, it was assumed that multiple muscles within the tongue body can be treated
as a whole entity for the structural form of the constitutive relationship. This assumption was
drawn because the scale of tongue muscle fibres (12 pm) is far smaller than the resolution of the
available image data (0.33 mm X 0.33 mm x 0.33 mm). As proposed by Holzapfel [2000a],
the strain-energy function of muscle tissue was regarded as a summation of multiple parts:
the gel-like ground matrix, the families of muscular fibres, and the interactions between these

components [Holzapfel, 2002]. As part of Holzapfel’s work on modelling the mechanics of the
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arterial wall [Holzapfel et al., 2000b, Holzapfel, 2002], an implicit framework for the stress-
strain response of hyperelastic materials with up to two fibre families was introduced. Based on
this model, the stress at any material point was derived as the sum of the stress contributions of
the two fibres and the ground matrix. In other words, the stress was regarded as elastic energy

stored within two major constituents, the isotropic and anisotropic parts.

The modelling framework proposed by Holzapfel has been widely accepted for modelling soft
tissues of biological structures [Menzel, 2005, Driessen et al., 2005, Hariton et al., 2007]. In the
present study of tongue modelling, the 10 fibre groups and the ground matrix were modelled
as a continuum, rather than as a group of discrete components. Therefore, a further extension
of Holzapfel et al. [2000b]’s model had to be considered. In particular, it was assumed that the
total stored energy can be quantitatively divided according to the tissue composition. Hence,
the composition of the tissue at all spatial locations was considered key to understanding its

mechanical behaviour during deformation.

Spencer [1972] and Holzapfel [2002] stated that a transverse isotropic material, which is a ho-

mogeneous isotropic material with single fibre reinforcement, can be modelled in a functional

form as
W(Il712713714715)7 (43)
where
14 = al-Cal, (4.4)
Is = a;-Cla,. (4.5)

In the deformed configuration €, the fibre direction a; is updated by applying the deformation
gradient tensor F as follows

) = Fal. (4.6)

Following the above, the strain energy function of a two fibre-family reinforced, hyperelastic
material can be written as

W(117]27I37147157I67177187]9)7 (47)
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where

Is = ap - Cay, (4.8)

and according to the theory of invariants, e.g. Spencer [1972],

I = ap-Clay; 4.9)
Is = (aj-ap)a;-Cay; (4.10)
Iy = (aj-a)°. (4.11)

The stress can simply be derived through differentiating the strain energy function with respect
to the invariants. Using the chain rule, one obtains for transversely isotropic materials

oW  IW ow ow
S = 2{(a—ll+lla—12)l—a—12C+I3a—13C +
ow

a ©a +&W
EA

5 (a;®Ca;+a;C®a)|; (4.12)
I5

and for a material with a two-fibre-family reinforcement,

O [faw aw\. aw.. oW |
S = 2{(311 “1912) T A

aWa ®a +8W(a ®Ca;+a;C®a )—i—aWa ®ay+

aI 1 1 81 1 1 1 1 86 2 2

aw oW
(a2®Ca2—|—32C®az)+—(a1~a2)(a1®az+az®a1) . 4.13)

Ea olg

A similar form may be derived in the case of multiple fibre reinforcements.

It is assumed that a fibre is a line-object. In other words, the deformation of a unit length of
fibre will only occur in the along-fibre direction. This assumption is based on the observation
that most energy due to stretching is stored in the fibre direction and the energy in the other two
orthogonal directions can be neglected, i.e. Ig and Iy do not consider here. Since the interaction
between fibres is not considered, the total strain energy function of a tissue with 2 fibres can be

expressed in a functional form as Wy;sse (11,1, 13,14, 1g). The stretch ratio A of a fibre with unit
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length can be obtained through
Ifipre; = A} = Fa;-Fa; = a;- Ca;. (4.14)

From this, a simplified version of the implicit strain energy function for tissues with multi-fibre

reinforcement can be formulated as

"Vtissue(ll 712;137[fibre,1 )t 'Ifibre,n)7 (4 15)

where 7 18 the total number of involved fibre families.

Since the interior strain energies of various constituents can be linearly summed, the overall

strain energy function with multiple fibres can be written as

Whissue (11, 12513, L gibre 1, Lpibre.n) = dmatrisWaarrix(I1, 1o, 13) + Z; dfivre,iWmuscie (Lfibre,i)-
7 (4.16)
The tissue’s stress-strain relationship Syjgse 1S subsequently obtained through the differentiation
of the strain energy function Wy, With respect to strain. By the chain rule, the following is
obtained
3 . N
Stissue = 2marrix l; 3W+Ialmx§_é + 21';92 dfipre,i gf:j;l:i algge’l

= dmarrixSmarrix + Z dfibre,isin 4.17)
icF

where S,,.:ix represents the constitutive mechanical response of the ground matrix, .% =

: : IW ibre al ibre,i :
{t,v,sl,...} denotes the set of muscle indices, and #% = S; denotes the stress-strain

relationship of each group of muscle fibres and can be seen as the passive and active stress

contributions to the overall stress.
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4.3.3 Passive and active constitutive equations

Passive constitutive equations

The passive constitutive equation is a mathematical representation of the tissue’s passive, inter-
nal stress response due to external loads or fibre contraction. The overall passive stress of the
tongue can be defined as the sum of stress contributions from the various populations of muscle

fibres and the gel-like ground matrix as follows

) Wtissue, passive ) Wmatrix ) Wi ,passive
8—E = matrixa—E + Z} dfibre,ia—E
S
Stissuapassive = matrixsmatrix + Z dfibre,isi,passive~ (418)
=57

The ground matrix can only be deformed by being passively stretched through external loading.
The ground matrix is assumed to be a rubber-like isotropic material which is modelled using
the Mooney-Rivlin stress-strain relationship. The 2" Piola-Kirchhoff stress tensor S,,qsyix for

such a material is given by
Smarrix = 2(c1 + c2tr(C))I —2¢2C + pC 1, (4.19)

where ¢; and ¢ are the two material parameters for the Mooney-Rivlin model, and p is the
hydrostatic pressure obtained from the constraint condition of incompressibility. Volume con-
servation of the tongue tissue is a critical assumption in the modelling of its geometrical de-
formation. From a mathematical perspective, an extra constraint term has to be added to the
constitutive equation for modelling the hydrostatic field inside the tissue which accounts for
volume conservation. The constraint condition proposed by Nash and Hunter [2000] is adopted

in this research to model the volume conservation of the tissue

/ (VB —1)yPrav, =0, (4.20)

e
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where y? is the basis function for interpolating the hydrostatic pressure field, and J = det(F),

evaluated with respect to the reference configuration.

The passive stress contribution from multiple fibres forms the major nonlinear anisotropic part
of the overall stress in the tissue. The directional properties of fibres cannot be ignored,
given that a portion of input energy from tissue loading will be stored within the deformed
fibres. In continuum mechanics, the strain-energy function of a single fibre is considered as
Wribre,i(E,a;). Differentiating Wy, ;(E,a;) with respect to E yields the 2" Piola-Kirchhoff
stress tensorin 3D space, such as

aw ibre.i E,a~
Si;passive = L raei::( l)- 4.21)

Note that the fibre is assumed to be a 1D object. By the chain rule, the above equation can be

expanded as [Holzapfel, 2000a]

Sipassive = o Wribre,i M fivre.i
| Miprei dC
1 IWyinrei
A‘i 9/1,
GiJ’assive

2 1 1y
A‘i

where O; passive 18 the Cauchy stress along the fibre direction. The Cauchy stress is usually
obtained from direct experimental measurements, and it reflects the fibre stresses corresponding

to different levels of deformation/strain along the fibre direction.
Based on experimentally measured data, Blemker et al. [2005] proposed the following func-

tional form of the Cauchy stress of a skeletal muscle fibre

Oi.passive = Omax fpassive (/1,'), (422)

where O,y is the maximum stress in fibre direction, and fpagsive (i) is the normalised passive
stress function which depends on the fibre stretch A. Note that the maximum stress in the

fibre direction needs to be experimentally obtained. However, no literature to date has reported
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on stress-strain measurements for the tongue. Since tongue muscles fall into the category of
skeletal muscles, the experimental results by Blemker et al. [2005] are adopted in the present

research. The normalised passive force along fibre direction is then defined as [Blemker et al.,

2005]
(
0 A< /lofl
Spassive(A) = § Py (expP2®/hont=1) 1) 2,5 < A < AT (4.23)
PsA [ Aofi+ Py A>A*
\

where P;, P>, P3 and P4 are parameters ensuring the best fit of the equation to the experimental
data, A* represents the fibre stretch at which the f},44iv becomes linear, A, 7118 the optimal fibre
stretch occurred when fibres stress reaches 0;,,,. The parameter values used in this project will

be presented in Section 4.5.2.

Active constitutive equations

From a mechanical point of view, the activation of muscles can be considered as an additional
contractile force produced by muscle fibres. Similar to the functional form of the passive re-
sponse, active stress relates to tissue strain. Hill [1938] first presented comprehensive results on
the relationship between muscle force and muscle length. In Hill [1938]’s model, the contractile
stress is idealised by a force which constitutes a contractile element and two non-linear spring
elements, one in series and the other in parallel. The Hill-type model has found widespread use
to mathematically approximate the contractile stress in muscle fibres due to muscle contraction

[Hill et al., 1975, Meijer et al., 1998, Lloyd and Besier, 2003].

Gareis et al. [1992] and Baratta et al. [1993] measured different sample tissues under isometric
conditions and found a large variability in the force-length relationship due to differences in

the architecture of fibre populations. The following model was proposed by Otten [1987]

(e+1)F—1

F=exp(— (5

), (4.24)
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where F is the normalised active force, € is the muscle fibre strain, and 3, p and w are called
skewness, roundness and width constants, describing the shape of the force-length relationship.

Baratta et al. [1993] proposed a generalised relationship for multiple fibre populations that is

(e4+1)F -1

" "), (4.25)

F =) Kjexp(—(
J

whereby the additional parameter K; represents the proportional contributions of individual
fibre populations to the overall active force. Gareis et al. [1992] and Baratta et al. [1993] noted
that the active force is larger than the passive force during contraction, until it reaches a state
of equilibrium. Baratta et al. [1993] presented a plot of active muscle force against fibre strain
based on fitted experimental data which showed a bell-shaped curve that could be approximated

by a second-order function.

In this thesis, contractile stress is considered as an additional superimposed stress along the
fibre direction as proposed in Hunter et al. [1997], and the stress contributions from multiple
fibrous families are considered as additive as proposed by Gareis et al. [1992] and Baratta et al.
[1993]. In other words, contractile stress contributions from activated muscle fibres are treated
as an additional energy term, which directly influences the overall strain-energy function as

follows

VVtissue = Z dfibre,i (VVi,passive(Ca ai) + VVi,active(aia C) ai)) . (426)
icF

Differentiating the energy function W; 4¢rive With respect to the invariant /. ; yields the same
functional form of the active stress term as obtained for passive stress, that is

Oi active

Siactive = O 2 i (4.27)

i

where o; is the activation level parameter of the i-¢h fibre family, and 6; gerive = Omax factive(Ai)s
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where [Blemker et al., 2005]

,
25 2 25
_Wgﬂl + zloﬂl - 525
factive(l) = O.6loﬂ <A< 1.47L(,f1 (4.28)
\0 otherwise.

The parameter values used in the tongue model will be presented in Section 4.5.2.

As outlined in Section 4.2.2, a discontinuous functional segment field is added to the geometric
model to define the activity level at each Gauss point. The functional segment field relates
directly to the internal contractile stress S; 4crive. Defining the functional segment variable as

S fibre,i Of the i-th fibre family, the active stress in Equation 4.27 can be modified as

O; ,active

22

Si active = S fibre,i(X) & a; ®a; (4.29)

If the functional segment in the i-rh muscle group is present, then s ;. ; = 1.

In summary, the overall muscle stress can then be represented as

Oi passive 1 S fibre,iOiOi active

Stissue: = AmarrixSmatrix + Z dfibre,i ( ) a;a; (4.30)

2
i€F )Li
O fibre,i
marrixSmarrix + Z dfibre,i (%) a; ®a;. (4.31)
i€eF i

In a deformed configuration (current configuration) due to activations of multiple or single
muscles (¢; > 0), the total energy stored in the muscle can be expressed in terms of the active

and passive stress components, such that

‘/Vtissue — /Q dmatrixsmatrix: EdV—|— Z /Q dfibre,i (Si,passive‘f‘si,active) - EdV. (432)
0 0

ie7

In the absence of other external loads, such as the gravitational force, the deformed configura-
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tion of the muscle satisfies the following condition

min Wiissue :/ Slissue,passive: EdV + Z / dfibrejsi,active: Edv: (433)
el Q ic7 /<0

where u is the stable solution of the geometric degree of freedom, e.g. the displacement, and
Y is the function space of the solution u. The condition in Equation 4.33 implies that, in the
deformed configuration, the total energy stored in the muscle is not zero, but a sum of energies

produced by passive stretching and active contraction.

4.4 Computational implementation of the constitutive model

The governing equations of finite elasticity for the FE tongue model are solved using the soft-
ware package CMISS (Continuum Mechanics, Image analysis, Signal processing and System
Identification), which is developed and maintained at the Auckland Bioengineering Institute,
University of Auckland, New Zealand. The computational core of CMISS is called CM, which
allows to assemble the FE system and iteratively solve the linear system of equations. The
framework of CM was originally designed for modelling cardiac tissue, only supporting the
use of just one family of fibres. In the scope of the present work, further development of the
computational platform CM was required for defining the constitutive equation of the non-
uniformly distributed, multiple-fibrous structure of the tongue. The source code of CM was
modified such that each Gauss point could capture the material properties of the tongue based

on the existing computational infrastructure.

4.4.1 Coordinate systems for computation

The computational structure of CM follows the definitions and computational form proposed
by Costa et al. [1996a,b] and Nash [1998]. Multiple coordinate systems are designed to define
material symmetry (the symmetry of stress and strain), and a series of coordinate transforma-

tions have to be performed for the computation of stresses and strains. During computation,
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stresses and strains need to be defined with respect to a local, material coordinate system. Thus,
the theoretical form of the constitutive equation (Equation 4.31) in the tongue model cannot be
directly evaluated, since all stress terms and fibre directions are defined with respect to the
global coordinate system. At first, all variables which are related to stress and strain have to be

defined with respect to the material coordinate system.

Following Costa et al. [1996a,b] and Nash [1998]’s definition of coordinate systems, let e8 =

{,€3,€5] denote the basis vectors of the global coordinate system indicated by superscript g.

e
A material coordinate system e” can then be derived from the vectors of the /st derivatives
along the 3 material lines, such as

Ix(° Ix(§° Ix(&°
);(ége ) 'eﬁl’mz - );(éi ) 'eg’m3 = X(é ) 'eﬁl’ (4.34)

m; =

whereby the basis vectors of the material coordinate system (e, €' and €%') can be defined as

el = my; (4.35)
e = mjxmy; (4.36)
e = mjxe). (4.37)

The overall stress within the material is assumed to be the sum of the isotropic part from
the ground matrix and the anisotropic part from the muscle fibres. As such, the mechanical
characteristics of a tissue with a single fibre reinforcement is dominated by one fibre direction

that constrains the material stiffness and defines the direction of contraction.

In classical mechanics, it is common to define any additional fibre stress (passive and active) in
the diagonal entries of the stress tensor. In the scope of the present work, an additional fibre-
embedded coordinate system e/ is defined with one of its axes parallel to the fibre direction.
A transformation of coordinates from the material coordinate system e’ to the fibre-embedded
coordinate system e/ is then achieved through the transformation matrix T, s as follows

le]. e, e]] =T, sle}, e e, (4.38)
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X,

Figure 4.5: Illustration of coordinate systems defined in CM. A group of fibres embedded in
an element Q. By using the first derivatives of the geometrical shape interpolation, a fibrous

coordinate system at any elemental coordinate (€°) can be derived with basis vectors e{ , eg and
f

e;.
3

where subscripts m and f of transformation T indicate the transformation which aligns the /st
axis of system e” with the fibre direction. In CM, the constitutive equation is evaluated at
each Gauss point, and the residual term (R) is subsequently assembled with respect to the local

fibrous coordinate system (e/ coordinate system).

4.4.2 Tensor product form for computing fibrous structure effect

In the geometric model, the fibre direction is represented by a 3D vector with respect to the
global coordinate system e, and each component of this vector is interpolated at each Gauss
point. In this research, a computational tensor product form is introduced, which directly uses
the fibrous direction from the geometric model. The additional term is introduced to improve

the accuracy of the solution and reduce potential numerical errors.

Based on the coordinate systems by Costa et al. [1996a,b] and Nash [1998], a virtual fibre
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family (denoted as ag) is introduced into the model, with its fibre direction along the direction
of e'. The virtual fibre does not contribute any stress that lead the fibre stress tensor as 0. The

second Piola-Kirchhoff stress is then written as

[Stissue]em - [Smatrix]em + [O]e'"- (439)

Note that, the overall stress is defined with respect to the e” system, and additionally to the e/
system; and that no actual stress from ag is added to the total stress term. Once €/ is defined, a

rotational transformation Ty ,, is obtained at each Gauss point through

el e, ef] =T, nlef, €5, e5]; (4.40)

or, T, ,m = [€]', €)', €%], since [ef, €3, e§] is the identity matrix.

The constitutive equation (Equation 4.17) can then be transformed with respect to €, resulting

in

O'fibre.i
[Stissue]e’" = [Smatrix]e’" + Z %Tg,mai ®Tg,mai
icF i
Ofibre,i
= Tg,mSmatringm + Tg,m( fine : a a,-)Tgm
i€ i
G ..b 7.
= Tg,m([smatrix]e’” + jizre lai ® ai)T;m
i€ i
= Tg,mstissueTgm‘ (4.41)

The fibre strain can be obtained through /'Ll.2 = (Tyma;)- (Tg’mCTgm) (T, ma;) = a;- Ca; because
T, 1 1s an orthogonal tensor. Note that the ground matrix term S,,4x can only be an isotropic
material without specified material orientation. In other words, the ground matrix must have
a frame-independent material stress-strain relationship. Equation 4.41 is not valid for other

constitutive behaviours, e.g. the ground matrix stress being modelled as an orthotropic material.

The tensor product form (Equation 4.41) does not depend on the fibre coordinate system e/.

Instead, the stress and strain terms are transformed between the local orthogonal coordinate
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system (e”") and the global coordinate system (ef) in a single computational operation as the
summation of all fibre stresses. Consequently, the number of computational operations is re-

duced, and computational efficiency is improved.

4.5 Modelling tongue deformation by active contraction

Modelling the deformation of the FE tongue model relies on boundary conditions and properly
defined material parameters. Within this section, the boundary conditions for modelling tongue
movement will be introduced, i.e. restrictions on nodal motion and deformation of geometric
curvature; and the material parameters which govern the fundamental characteristics of the

tongue’s complex fibrous tissue are described and quantified.

4.5.1 Boundary conditions

Two types of boundary conditions are imposed on the model: the so-called Dirichlet boundary
conditions and contact boundary conditions. Contact boundary conditions for modelling the
interaction between the tongue body and the upper palate are presented in Chapter 4.6. At first,
the focus is drawn on the Dirichlet boundary conditions which comprise a series of movement
restrictions at selected points in the model. In the context of tongue modelling, the Dirichlet
boundary conditions are used to constrain the movement at boundary points where the body of
the tongue connects with bony structures. The following areas are considered in the present

work

* Nodes are fixed in the area where the bottom anterior tongue body connects to the lower
jaw (blue cubes in Figure 4.6(a)). In addition to the nodal positions, the derivatives of
these nodes are fixed with respect to the medial-lateral direction (&; direction). The as-
sociated geometric parameters (nodal values) include X and dX/d¢&;, which will remain

constant/unchanged during deformation.
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* The hyoid bone is a floating bony structure that is attached to the bottom posterior part of
the tongue. The hyoid bone is not included in the present anatomical model. The nodes of
the tongue in the posterior region, which would attach to the hyoid bone (cf., see the gold
cubes in Figure 4.6(b)) are restricted to move in anterior-posterior and superior-inferior
directions only. In addition, their geometric derivatives and cross derivatives with respect

to the medial-lateral directions are fixed. The associated geometric parameters include

&‘X/c?é], 82X/8§18§2, 82X/8‘g’18§3 and 83X/8§18§28£3

* The attachment of the palatoglossus muscle to the lateral sides of the tongue dorsum
forms the connection between the tongue and its surrounding tissues. This connec-
tion is modelled by fixing the displacements of the nodes in the attachment area of
the palatoglossus (green diamonds in Figure 4.6(b)), while their derivatives are not con-

strained.

(a) Anterior view (b) Posterior view

Figure 4.6: Illustration of the Dirichlet boundary conditions applied to the geometric tongue
model. The golden nodes indicate the elemental nodes within each element. The connectivity
between nodes is represented by the white cylindrical lines.

4.5.2 Material parameters

The choice of material parameters will determine the resulting deformation of the continuum-

mechanical model. As with all biological tissue, the definition of appropriate constitutive rela-
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tionships and material parameters is an extremely challenging task. The anatomical structure
and the complex muscle fibre distribution within the tongue add further challenges. Note that,
no available literature reported material data may be directly applied to the constitutive equa-

tion. Therefore, the material parameters, chosen within this study, were derived from literature:

* In the absence of comprehensive experimental tests in the literature to determine the pas-
sive material response of the tongue’s ground matrix, the parameter values of Mooney-
Rvlin model were approximated based on available literature data. Cheng et al. [2011]
reported an in vivo measured overall shear modulus for the tongue of 2.67 +0.29 kPa
(mean -+ standard deviation); Malhotra et al. [2002] reported a similar overall shear mod-
ulus 2 kPa; the ex vivo compression test by Gerard et al. [2005] showed a shear modulus
of tongue tissue about 0.38 kPa. The shear modulus for a Mooney-Rivlin material is
twice the sum of the two material parameters, i.e., 2(c; + ¢2). By choosing ¢; = 0.375
kPa and ¢y = 0.175 kPa for the ground matrix, it is assumed that the shear modulus of
ground matrix about 1.1 kPa, and it is also assumed that the ground matrix can contribute

up to about 41% to the overall shear in vivo measured by Cheng et al. [2011].

* In terms of the maximum active fibre stress (Gy,qy), Titze [1994] reported a maximum
active fibre stress of 100 kPa for the laryngeal muscles. De Groot and Van Leeuwen
[2004] reported a maximum active fibre stress of 200 kPa in a chameleon tongue. It can
be assumed that the maximum active stress of the human tongue lies somewhere between
the laryngeal muscle and the chameleon tongue muscle. Thus, a maximum active fibre

stress of 150 kPa is assumed in the present work.

* A functional form of the fibre stress-strain relationship was introduced by Blemker and
Delp [2005]. In this thesis, the parameter values by Blemker and Delp [2005] were
adapted for modelling stress along fibre direction (shown in Table 4.1). The normalised

force along the fibre direction is plotted in Figure 4.7.

Deformation of the model is driven by active muscle contraction which is controlled via an

activation level parameter ¢;. If a non-zero value is assigned to o, the discretised governing
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Constant Value  Unit Constant Value Unit
c1 0375 kPa ¢ 0.175 kPa
P 0.05 - ) 6.6 -

P 3.4850 - Py -4.2517 -
Ao 1.4 - Onax 150 kPa
A* 1.9

Table 4.1: The constant parameters for the constitutive equation based on values reported in the

literature.
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Figure 4.7: Plotting of the normalised stress along fibre direction. The green curve represents
the active stress along fibre direction; while the blue curve represents the passive fibre stress.
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equation do not satisfy the equilibrium condition any longer, and the solution process will start

and continue until it reaches the next equilibrium state.

4.5.3 Illustrative examples

Two deformation states of the tongue were chosen to illustrate the modelling results: tongue
retraction and elongation. Tongue retraction comprises a retrograde motion with a large bend-
ing deformation occurring within the upper tongue body. Tongue retraction is considered to be
a consequence of the co-contraction of the transversus and styloglossus muscles [Gilbert et al.,
2007]. To model tongue retraction, the activation level parameters of the involved muscles in
the model are assigned values ranging from O to 1. Figure 4.8 shows the resulting model defor-
mation by simultaneously updating the activation levels of the transversus and the styloglossus

muscles to the maximum level (g, o) = (1,1).

Elongation is a tongue action that is driven by the verticalis and the transversus muscles [Gilbert
et al., 2007]. Figure 4.9 illustrates the resulting deformation of the model with maximum
activation levels of the involved muscles ((oy, &) = (1,1)). A convergence analysis of tongue

retraction and elongation is presented in Appendix C.

4.6 Modelling the interaction of the tongue and the upper

palate

The interaction between the tongue body and the upper palate plays a crucial role in tongue
mechanics. As experimentally shown by Ono et al. [2004], Steele and Van Lieshout [2008]
and Kieser et al. [2008], the interaction between the tongue and the upper palate shows a con-
sistent pattern of contact pressure throughout the entire swallowing process. This additional
compressing force from the superior surface to the tongue body cannot be ignored, especially

if the mechanical model is applied to swallowing.
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Figure 4.8: Modelling retraction of the tongue by activating the transversus and the styloglossus
muscles to the maximum level illustrated from two viewpoints. In sub-figure (a) and (b), the
golden line represents the model in undeformed state, whereas the blue line shows the deformed
state. In sub-figure (c) and (d), the cones represent the local principal strain directions, and the
colour and length indicate the magnitude of the principal strains. Sub-figure (e) shows the
spectrum of strain magnitude.

88



Figure 4.9: Modelling elongation of the tongue by activating the transversus and the verticalis
muscles with the maximum level. Colours and glyphs are the same as for Figure 4.8. Sub-figure
(e) shows the spectrum of strain magnitude.
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In this work, the contact of the tongue with the front bony part (hard palate) is considered
within the modelling framework. Zysset et al. [1999] reported that the elastic moduli of human
bones (not including cartilage) range from 6.9 +4.3 GPa to 25.0 +-4.3 GPa in older persons
aged over 60. Additional measurements by Rho et al. [1999] showed that the elastic moduli
of dry human vertebrae (T-12 and L-1) and tibia can reach up to 25.7 = 1.7 GPa. Based on
the reported values in the literature, the deformation of the upper palate is neglected due to
the much stiffer material properties of bones compared to muscle soft tissue. The hard palate
is considered a rigid body object, and the interaction between the tongue and the hard palate
is idealized as frictionless contact between a soft tissue body (tongue) and a rigid body (hard

palate).

4.6.1 Contact boundary condition

The interaction of the tongue and the upper palate can be modelled using the principles of
contact mechanics [Wriggers, 2006]. Figure 4.10(c) and 4.10(d) presents the geometrical model

of the hard palate, the surrounding upper teeth and the contact area.

The teeth are critical to tongue motion during swallowing [Frohlich et al., 1991], however
the female visible human image data set does not contain the teeth on the upper palate. It
was assumed that the bony structures shared similar topological features between individuals.
The FE mesh of the upper palate in this dissertation was obtained by scaling the model of
Essen [2006], which includes teeth but was narrow compared to the palate data from the visible
woman images. Thus, Essen’s model was scaled only in the medial-lateral direction such that

the upper palate fully covered the bi-lateral edges of the tongue.

The contact boundary conditions are applied to selected boundary faces of the FE model to
simulate the contact force between the tongue and the upper palate. Figure 4.10(a) and 4.10(b)
show the selected contact surfaces on the FE mesh of the tongue and the upper palate. It is
assumed that saliva lubricates the oral environment. Thus, the shear stress between tongue and

upper palate is neglected, and no frictional force is applied to the contact area. Consequently,
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(a) (b)

(© (d)

Figure 4.10: The contact areas, coloured as golden, on the tongue model (a, b) and the upper
palate model (c, d).

the contact force normal to the contact area is modelled using a frictionless penalty method. In
general, the penalty boundary condition relies on the amount of overlap between the deformable

soft body and the rigid body at contact points. The contact force at a contact point is defined as

ENEN ifgy >0
f(Xtissue) = 4.42)

0 otherwise,

where €y is the contact stiffness parameter; and gy is the gap function used to calculate the

amount of overlap between two contact objects, such that

8N = —I- (” Xtissue — Xbone ||) (443)

In Equation 4.43, X;;gse and Xp,,. are two contact points on the tissue and the bone, respectively.
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Equation 4.43 projects the absolute distance between Xyssye and Xp,,e Onto the normal direction

at Xyissue-

4.6.2 The pre-contact configuration

In its initial state, the tongue is in a configuration with no muscle contractions, but contact
between the tongue body and the bony upper palate may already exist. This initial contact state
is also referred to as the pre-contact state. The relative position of the upper palate with respect
to the tongue body is important to derive the pre-contact state. Contact of the hard palate with
the tongue is considered an additional motion constraint which affects the deformation of the
superior outer surface of the tongue model. The pre-contact state can influence the overall

resultant deformation, even if the same activation levels are used.

Figure 4.11(a) shows the mid-sagittal images of the head of the female Visible Human. The
teeth surrounding the tongue body are missing, as seen in Figure 4.11(a). As a consequence, the
anterior part of the tongue in the relaxed state occupies the anterior oral cavity where the teeth
are usually located. In reality, the anterior dorsum of the tongue is often in contact with the
anterior-inferior surface of the hard palate. In such a case, a force from the superior direction
acts on the anterior dorsum of the tongue and presses the tongue tip downward. Therefore, the
initial configuration of the tongue resembles a pre-contact state which is caused by external

contact forces applied to the anterior tongue dorsum.

The complex geometries of the tongue and the upper palate make it challenging to ascertain the
pre-contact condition. The pre-contact configuration is a deformation of the tongue model that

1s obtained as follows

1. First, the curvatures of the interior mid-sagittal line of the upper palate and the superior
mid-sagittal tongue line are digitised on the mid-sagittal images of the Visible Woman
data set. The digitised data allow the definition of the relative position of the upper palate

with respect to the tongue surface, see Figure 4.11(b);

92



(a) Digitised positions of the upper palate (green dots) and
the tongue (gold dots) based on the Visible Human data set
to align the model position.

(b) The upper palate and tongue model after alignment.

(c) The initial configuration of the tongue model with con-
tact between the tongue and the upper palate.

Figure 4.11: Relative positions of the tongue and the upper palate and initial configuration with
pre-contact.
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2. Subsequently, the golden nodes in Figure 4.11(b) are aligned with the mid-sagittal line
of the tongue model, and the upper palate model is adjusted so that the mid-sagittal line

of the upper palate model aligns with the green dots, as shown in Figure 4.11(b);

3. Finally, the pre-contact deformation is obtained by applying the contact boundary con-
dition on the selected contact areas of the FE model. Figure 4.11(c) presents the derived

initial state with pre-contact condition.

The tongue muscle is modelled as a nonlinear, multi-fibre reinforced, hyperelastic material.
Hyperelasticity coupled with frictionless contact constraints implies that the deformation path
is independent, and the deformation history does not influence the resultant target configuration.
In other words, different loading strategies can be used to solve the contact problem between
the hyperelastic tongue body and the surrounding rigid structures. In the present work, the
pre-contact state described above was used as the initial state. This initial state is not the refer-
ence configuration, but an intermediate configuration for which there is no muscle contraction.
Appendix B presents different loading strategies used to solve the contact problem between a
hyperelastic material and a rigid body. All simulations produced the same numerical results,
providing verifying that the deformation of hyperelastic materials is path independent. The
consequence of this is that if one loading strategy turns out to be numerically unstable, then an

alternative loading strategy can be used to find the solution.

4.7 Inverse problem for deriving the contractile properties

of muscles

The calculation of tongue deformation based on different levels of muscle activations is also
referred to as forward problem method. The forward problem method aims to generate the
model-based kinematic data, i.e. strain and displacement, based on different levels of muscle
activation. The derivation of muscular activation levels can be done by comparing model output

(i.e. strain and displacement) with experimentally collected data. On the other hand, muscular
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activation levels can be estimated using an inverse problem method.

The inverse problem of parameter estimation compares the function (i.e. tongue model) in the
parameter space (i.e. activation level &) with the given kinematic data, and searches the optimal
values of the parameters which satisfy the objective function. Denoting the objective function

as J, the derivation of muscular activation levels in the tongue is achieved through

0 = argmin J(@). (4.44)
aco, 1N

where N is the number of estimated parameters. One need note that, the components in pa-
rameters & can be beyond 1.0 for representing larger active fibre stresses. In practice, the
upper bound limits can be also setup a large number above 1.0, e.g. @ € [0,10]". In general,
argmin J(@) is a typical nonlinear optimisation problem that can be solved using a Newton-
Raphson algorithm, e.g. a trust region reflective algorithm, if the numerical behaviour of the

objective function is quadratic-like and has a global minimum point.

4.8 Summary

In this chapter, the geometric FE mesh and the constitutive equation for modelling the tongue
were presented. The fibrous architecture of the tongue, consisting of the intrinsic, extrinsic
and external muscles, was modelled using vectorial and volume composition fields embedded
into the geometric FE tongue model. The composition of the tongue tissue was assumed as the
sum of multiple constituents, including the fibrous structures. The stress contribution of a fibre
family consists of a passive term and a superimposed active stress. Within the present model,
the spatially varying distributions of the muscles are treated as a series of scalar fields with
different contributions to the mechanical stress. The modelling procedure is simplified without

losing mechanical accuracy.

A series of activation level parameters are introduced to control the magnitude of active stress

for each muscle family. Contact mechanics between the tongue and the hard palate is intro-
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duced to simulate their interaction in both zero and non-zero activation cases. By specifying
one or multiple activation levels, the deformation caused by the corresponding muscles can be
modelled. Based on the forward problem method, an inverse problem framework is proposed
to derive the muscle activation levels through parameter estimation using existing kinematic
data. An inverse framework also has been proposed for the applications with only partial mo-
tion information available. Details of those applications will presented in the chapter 5 and 6.
This inverse procedure is to find an pattern of muscular activities using given motion data and
the tongue model. In short, the tongue model, forward method and inverse procedure establish

the basic computational framework to study the the mechanics of tongue.

Moreover, the computational efficiency in the implementation of constitutive equations and the
derivation of the pre-contact condition is addressed and improved. This will benefit model ap-
plications which require large numbers of iteration steps (e.g. the forward and inverse problem)

and speed up the entire problem solving procedure.
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Chapter 5

Optimal sensor locations and application

to articulography

The deformations of the tongue model can be produced by specifying the activation levels of
different tongue muscles. The deformation and function of the tongue and the fibrous structures
at varying levels of muscle activation can be investigated using a forward problem method.
A forward problem study, sampling the envelopes of tongue deformation over the parameter
domain, could help to improve the quality of experimentally collected kinematic data, for in-
stance, from the 3D Articulograph AG500. Ideally, the motion of sensors from articulography
reflect the characteristics of tongue deformation caused by muscle contraction. However, artic-
ulography can suffer from large random noise. The sampled deformation modes of the tongue
model from a forward simulation could assist experimentalists to find the most motion-sensitive
points on the tongue surface, which reflect the underlying characteristics of muscular activity.
In the present study, the forward problem method is used to identify an optimised sensor place-
ment on the tongue surface for collecting kinematic data using the 3D Articulograph AG500.
The optimal sensor configuration is later used to derive muscle activation levels for various
tongue deformations through an inverse approach. The work presented in this chapter formed

the basis for the research article: Wang et al. [2013].
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5.1 Articulograph system

5.1.1 Overview of the study

In movement biomechanics, optical motion capture systems are commonly adopted to track
surface markers. However, optical surface markers are difficult to use for tracking tongue
motion as their visibility is obstructed by the bony walls and the surrounding soft tissues in
the oral cavity. In oral research, motion capture systems are commonly adopted which track
the positions and angles of specific coils within a magnetic field, e.g. the 3D Articulograph
AG500 from Carstens Medizinelektronik (Lenglern, Germany). The big advantage of such
magnetic-field-based motion tracking systems is their ability to track sensor locations within
the oral cavity. Therefore, electro-magnetic articulography has extensively been used to track
the motion of the tongue and other facial features [Jiang et al., 2002, Steele and Van Lieshout,

2009, Goozee et al., 2000, Katz et al., 1999, Steele and van Lieshout, 2004].

In practice, the sensors of the 3D Articulograph AG500 for tracking the movement of the tongue
are heuristically placed on the tongue’s surface. No recommendations on optimal sensor place-
ment have been made. Furthermore, mechanical noise, inherent to the system, may influence
the quality of the recorded data, and hence, produce inaccurate observations and conclusions
concerning the deformation of the tongue (see Section 2.4.2). In the present study, a model-
based approach based on the tongue’s envelope of movement is proposed to determine the
optimal sensor placement. The principles of forward dynamics (deriving motion from selective
activation of muscle fibres) are applied to the anatomically-realistic computational model of

the tongue to determine the tongue’s envelope of movement during specific tasks.

The calibration of the motion sensors prior to any experiment is important, as pointed out by
Yunusova et al. [2009]. However, the level of difficulty in the calibration may rise with the
number of sensors, with a maximum of eight sensors being considered applicable to the entire
tongue surface. In this study, 2, 4 and 6 locations are selected in order to accurately capture the

movement of the tongue on half of the tongue’s surface. The reduction of the dimensionality of
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the sensor locations is necessary due to physical constraints of the recording method, e.g. only
a small number of recording channels are available, and only a small number of sensors can be

placed in the mouth due to their size and connecting wires.

5.2 Sensor location optimisation

The main aim of this section is to describe the methodology to determine an optimal set of sen-
sor locations on the tongue’s surface during retraction and elongation. Retraction and elonga-
tion of the tongue are chosen within this context, since the muscle fibre groups involved in these
movements are believed to be known. Gilbert et al. [2007] and Napadow et al. [1999a,b] re-
ported that based on observation and empirical analysis, the retraction is caused by contractions
of the transversus and styloglossus muscle fibre groups, while elongation is caused by contrac-
tions of the transversus and verticalis muscle fibre groups, respectively. The tongue’s envelope
of movement can be determined from a representative sample of different combinations of ac-
tivation levels, which are input into the anatomically-realistic, continuum-mechanical model of
the tongue. Following the forward simulation of tongue movement, an optimal set of sensor
locations can be derived from the computed tongue envelope using an optimisation criterion
that reflects key movement characteristics. The following subsections outline the methodology

in detail.

5.2.1 Computing the tongue’s envelope of motion

Two case studies, namely the elongation and retraction of the tongue, were undertaken to assess
the robustness of the proposed method in deriving the optimal set of surface markers based on
the activation levels for a particular tongue deformation. The elongation of the tongue is driven
by the simultaneous contraction of the transversus and verticalis muscles; while, retraction is
driven by the contraction of the transversus and styloglossus muscles. It is believed that tongue

elongation and retraction only involve the activation of two muscles. Thus, the parameter search
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spaces for the two case studies each consists of only two dimensions. All numerical studies
were carried out under the assumption that the level of activation is spatially homogeneous
for the entire muscle fibre group. Furthermore, a symmetric arrangement of the muscle fibre
groups within the tongue was assumed. The symmetry assumption provided justification to

restrict the analysis to one half of the tongue.

For each type of movement, e.g. retraction or elongation, the tongue’s envelope of motion is
determined by utilising the generic continuum-mechanical model outlined in Chapter 4 and
principles of forward dynamics, i.e. by choosing a specific set of activation parameters (&). In
the case of retraction, different levels of activation for the transversus muscle fibre group, o,
and the styloglossus muscle fibre group, @, are chosen to derive the various modes of deforma-
tion. For the forward simulation, the respective levels of activation are multiples of Aot = 0.1
and range from O (inactive) to 1 (fully activated). The activation levels for the remaining mus-
cle fibre groups are set to O (inactive). The set of all computed modes of deformation form the
envelope of movement. The same procedure is followed to determine the envelope of motion
for elongation. In this case, the levels of activation for all muscle fibre groups remain 0 except
for the transversus muscle fibre group, o, and the verticalis muscle fibre group, ¢, which are

again chosen to be multiples of Ao = 0.1, ranging from O to 1.

5.2.2 Possible sensor locations

Sensors can only be placed on the external surface of the tongue. Within this work, a total
of 48 potential sensor locations are evenly distributed over half of the tongue’s surface. The
detailed discussion and justification on this condition are provided in Section 5.6. The number
of potential sensor locations correspond to four nodes per surface face of the FE model and are
generated with respect to the undeformed state (reference configuration). Figure 5.1 shows all
potential sensor locations on the deployable area on the dorsum of the tongue. Each potential
sensor location is identified with a unique numeric index. The set of all sensor locations is

denoted by ..

100



Based on the general theory of continuum mechanics, each material point P in the reference
configuration (denoted by X) has its unique position over time/level of activation (denoted by

x(a)), which is determined by the placement function y such as
x(@)=x(Pa), X=x(Pa), (5.1)

and ap = 0. Hence, the displacement at a material point P is derived from the difference

between the actual position x(¢) and its initial position X,
u(Pa) = x(Pa)—x(Pa). (5.2)

Hence, y defines for all & the motion and the displacement of each sensor in ..

5.2.3 General optimization procedure for sensor placement

The optimisation of motion sensor placements on the tongue is a typical location-measurement
problem. The set of all potential sensor combinations, consisting of n different sensors s; € .7,

can be described by
SL(n):{(sl,...,sn)\siey,si¢sjandi¢j}. (5.3)
The cardinality of SL(n) is given as

d (SL( )) N ok (5.4)
car n)| = = .

n n!(N —n)!
and denotes the number of possible sensor combinations that could be placed on half of the
upper tongue surface (N = 48). Based on Equation 5.4, the numbers of feasible sensor arrange-
ments for n=2, 4, and 6 sensors are equal to 1128, 194580 and 12271512, respectively. The

movement of each sensor can be obtained through sampling the model configuration over the

parameter domain (the range of activation levels).
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(a) (b)

Figure 5.1: Possible sensor locations on half of the tongue dorsum.

A 3-step optimisation procedure is proposed based on the available information:

1. Generate the admissible sensor locations on the tongue surface;
2. Evaluate the criteria values for all combinations of possible sensor locations;

3. Select the combination of sensor locations with the optimal criteria value.

The key to success is the design of an optimisation criteria that reflects the quantities to be opti-
mised. Two different optimisation criteria are considered in this work for selecting the optimal
sensor locations on the surface of the tongue. The first criteria is based on the assumptions that
sensor locations with large displacements contain the most information regarding the tongue’s
movement and are less susceptible to measurement errors. The second criteria also focuses
on the displacement of motion sensors, yet, its objective function aims to distinguish between

movement in anterior-posterior, superior-inferior and medial-lateral direction.

5.2.4 Optimality criteria I: Fisher information matrix

For a given group of n sensors with the sensor locations s1,...,s, configured by the activation

level a, the displacement vector of all selected sensors can be written in a compact form as

5%(a) = [u(s1.@).....u(s, )] (5.5)
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Note that the noise influence remains constant. Thus, the index array 5'3 forms an n-variate
multivariate distribution in which a sensor may appear in several different positions during

repeated experiments.

The movement sensitivity of a set of sensor locations is measured by the Fischer Information
matrix. The concept of using the Fischer Information matrix to determine optimal sets of sensor
locations is not new. It has previously been applied to many engineering-type applications, e.g.,

in civil engineering for structural monitoring [Papadimitriou et al., 2000], in environmental
engineering for air quality monitoring [Ucinski, 2000], or in aerospace engineering for on-orbit

identification and correlation of large space structures [Kanner, 1991].

For an n-variate multivariate distribution, the Fischer Information matrix M(et, B) with & €

[0,1]'° and B € SL(n), is defined in the explicit form as

B r B
M(a,B) = (_a Sa O(‘“)> ! (_a 38 ;"”) +%tr (g—zz_l%) , (5.6)

whereby X is a diagonal matrix 621, with 6% being the variance of the noise distribution. The
derivative of the the displacement vector 5B with respect to the activation level @ is numeri-
cally computed using a Newton’s difference quotient with Acx = 0.1. The differentiation is only
performed for the non-zero activation parameters. According to the assessment by Yunusova
et al. [2009] and Kroos [2012], there is no clear evidence of a statistical pattern of error dis-
tribution between the x-y, x-z and y-z directions. Therefore, the noise influence in different
axial directions are considered independent but with the same statistical pattern. This leads to

a reduced form of Equation 5.6 as follows

a5B )\  [95Fa)
M(e,B) = (T) ! (T) (5.7)

Consequently, finding the optimal placement of the sensor array is equivalent to obtaining the
Fischer Information matrix which is M(a, B*) = M(a, B), where B” is the optimal scheme and

B the remaining combinations. Various criteria exists to quantitatively assess the performance
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of the output, including:

* The determinant optimality (D-optimality) criterion: det(M)
» The largest eigenvalue (E-optimality) criterion: Apax(M™!)

» The trace optimality (A-optimality) criterion: tr(M~!)

D-optimality aims to maximise the uncertainty ellipsoid formed by a cluster of recorded posi-
tions for estimation; E-optimality minimises the length of the largest axis of the same ellipsoid;
and A-optimality aims to obtain the best average variance of the estimates. Thus, D-optimality
is adopted to quantify the performance of the sensor array. To maximise the information con-
tained within the envelope of movement over a pre-described parameter space (here the level of
activation for the respective muscle fibre groups) of all muscle groups, the optimal set of sensor

locations is found by solving the following optimisation problem:

1/Aa 1/Ac 1/Ax
B* = argmax [det( Z Z Z M(Aa-a B))] (5.8)

BeSL(n) ;=0  09=0 a;p=0
where ay,---, a9 correspond to the respective activation levels of the muscle fibre groups,
e.g., t, v, ---. Note that, the summations in Equation 5.8 can be reduced by specifying the

muscles involved in specific action. For instance, for the study of retraction, only styloglossus
and transversus muscles are involved. Other muscles are not playing any roles. Hence, only
two summations corresponding to styloglossus and transversus muscles are applied in this case

(see Section 5.4.1). A similar argument holds for the case of elongation.

5.2.5 Optimality criteria II: Axial displacement

The optimisation criteria II is based on the assumption that the largest movements in each
spatial direction contain the most relevant information regarding a particular 3D motion pattern.
The second optimality criterion aims to distinguish between movements in anterior-posterior,

superior-inferior and medial-lateral directions. Therefore, the first three markers are chosen
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based on the maximal displacements in the anterior-posterior (AP), superior-inferior (SI) and

medial-lateral (ML) directions, respectively:

1/Aa 1/Aa 1/Ax

§] = argmax Z Z Z |u,,(s,Ax-a) |2, (5.9
s€Y =0 =0 0p=0

l/Aae  1/Aa 1/Aa

§) = argmax Z Z Z | ug (s,A0- @) |2, (5.10)
56%\{51}06]:0 09=0 ot;p=0
/A 1/Ac 1/Ac

§3 = argmax Z Z Z | uy, (5,A0- @) || (5.11)
se A\ {515 ou=0  ot9y=0 a;p=0

In the case of n = 4 sensors, the fourth sensor location s4 is chosen such that

1/Aa 1/Ac 1/Ax

4= argmax Z Z Z |u(s,Aa-a) |>. (5.12)

565/\{51752753} a;=0 oc9=0 (X]():O

Similar as the optimality criteria I, the summations in optimality criteria II correspond to the
muscles involved in specific tongue action. For n > 4, the set of potential sensor combinations
SL(n) is restricted so that each element of the restricted set contains all of the 4 previously
selected sensors. The restricted set is then used in the above-described selection procedure
(FIM based selection) to determine the remaining sensors. In the instance of n < 4, a selection
of the criteria given in Equations 5.9 - 5.12 has to be chosen. Within this work, the optimality

criteria II is only used for sets of 4 sensors.

5.3 Quality measures for selected sensor locations

The ultimate goal of motion tracking is to predict the movement of the entire moving body
(such as the tongue) based on a few sensor locations. In the present study, the movement of
the sensors are used in a first step to derive the muscle activation levels, which are causing
the particular movement, by solving the inverse problem. In a second step, the solution of the
inverse problem, in this case the activation levels of particular muscle fibre groups, is used to

derive the motion of the entire tongue based on the continuum-mechanical model in a forward
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simulation.

To measure the robustness of a particular set of sensor locations, i.e. fora B € SL(n), the respec-
tive sensor locations are subjected to a motion-tracking-system-specific measurement error,
i.e., €, where €° = [¢],€5,¢3]7. Given a set of sensor locations B € SL(n) and the (measured

error-prone) locations of these sensors for a given deformation, denoted by B = (81,...,8,),

the inverse problem is given by

n
~ < 2
a:argmaxz |5 —x(sj,a) ], (5.13)
acd  j=]
with o7 = [0, 1]'°, where @& are the estimated results, §; = s; + €%/ and €%/ is the random noise

at the sensor location s;.

The Monte Carlo method is introduced in this study to simulate random noise e®/ since §; is the
measured error-induced sensor location. The Monte Carlo method is a procedure for generating
random data that follows the mean, the variance, and the predefined probability distribution.
Details on the method can be found in Metropolis and Ulam [1949] and Rubinstein and Kroese

[2007].

Note, the inverse problem is solved for sufficient sensor locations Bk = (81,...,8,) to derive a
statistically relevant estimate of the activation levels. The robustness of a set of sensor locations
is subsequently investigated by comparing, for a B € SL(n), the computed activation value with
the original activation level, &, that was chosen to determine the ground truth sensor locations
in the deformed configuration. Clearly, the better the computed activation level matches the
original value, the more robust can the set of sensor locations be considered. The standard
deviation is a further measure for comparing the robustness of different sets of sensor locations.
The smaller the standard deviation of the computed activation level, the more robust, and hence,
the less sensitive the estimates are for a given set of sensor locations to the measurement error.
Hence, the quality of a selected set of sensor locations is evaluated in this work based on the
robustness of the inverse method to determine the initial activation levels of the different muscle

fibre groups.
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The inverse problem is numerically solved using the Trust-Region-Reflective algorithm as im-
plemented in MATLAB’s (V7.8, R2009a) optimisation toolbox. The Trust-Region Reflective
algorithm is based on the approximation of an objective function with its Taylor series truncated
after the second-order derivative term (Hessian). A Newton-like algorithm is applied to obtain
the optimal solution which minimises the function value of the truncated Taylor series. For
more details about trust-region algorithms, the reader is referred to Moré and Sorensen [1983]
and Yuan [2000] and references therein. The algorithm is terminated if the objective function
values for two consecutive iterates, i.e. all components of @ and ¢, differ by less than
107>, In the present work, the continuum-mechanics modelling software CMISS is directly
linked to MATLAB to compute the deformation of the tongue, here u(s;, @) fori=1,...,n
for a specific a;. Note that the optimisation problem, as given in Equation 5.13, is not an 10-
dimensional optimisation problem. In case of retraction and elongation, all o; except for the
activation levels of two muscle fibre groups are 0. This restriction is taken into account when

solving Equation 5.13.

5.4 Cases studies of tongue elongation and retraction

The results of the numerical analysis are presented in Section 5.4.1 for the case of retraction

and in Section 5.4.2 for the case of elongation.

5.4.1 Case study I: Retraction

In the first case study, the retraction were analysed based on Optimality Criterion I and II. For

each B € SL(n), the objective function for Optimality Criterion I,

1/Aa 1/Ac
M (B) = det ( Y ) M(Aa-a,ﬁ)) , (5.14)
0

;=0 a,=

was evaluated with Aoe = 0.1. Each B € SL(n) was associated with an index [, such that

MPB)<...<MP)<...<MPB,.)
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The results for .#(B) with B € SL(4) are depicted in Figure 5.2, plotting index [ versus

A (B,;). Within Fig. 5.2, three different choices of sensor arrangements are plotted (green

e I

M

2 10

ns 1 T
Sensor Arrangement Index

Figure 5.2: Ranking of feasible sensor arrangements, B, € SL(4), for retraction based on Equa-
tion (5.14). The locations for the best (A) and worst (C) choices based on the Optimality Cri-
terion I, as well as the index for the best choice based on the Optimality Criterion II (B), are
indicated. For A, B, and C, the respective sensor locations on the tongue surface are depicted.

squares). Arrangement A (Case A), depicts the optimal set of sensors if the Optimality Crite-

rion I is employed. The optimal set of sensors is denoted by B;™. Sensor arrangement B (Case

B) represents the optimal choice, B}, for the Optimality Criterion II. Based on the Optimality
Criterion I, marker arrangement B relates to the 4555-th rank (index 190025 out of 194580).
Additionally, sensor arrangement C (Case C) represents the worst set of sensors to capture

retraction of the tongue, denoted by ﬁfvom

A sensitivity analysis was carried out, as described in Section 5.3, to make sure that the pro-
posed sensor arrangement in Case A is indeed a better choice than in Case B or C. One particu-
lar state during tongue movement is arbitrarily chosen by computing the resulting deformations
of the tongue using oy = 0.75 and o, = 0.25. The particular choices of activation levels is as-
sociated with a (generic) mode of deformation, which is likely to occur during the retraction of
the tongue (this assumption is based on the fact that the only active muscle fibre groups during

retraction are the transversus and the styloglossus muscle fibre groups). A forward simulation
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is used to determine the exact sensor locations for the different sensor arrangements, i.e., Case

A, B, and C.

To investigate the practicability of the proposed sensor optimisation criteria, the sensor loca-
tions is subjected to machine-inherent noise, i.e., e = [} ,eg,eg]T with ef ~ A4 (L, 62), u=0,
and 02 = 0.49 (see also Section 5.3). A total of 41 different perturbations are computed for
the sensor arrangements in Case A and B, containing 2 and 6 sensors, respectively. Similarly,
41 different perturbations are applied to the 4 sets of sensor locations in Case A, B, and C.
The aim of perturbing the sensor locations is to test the ability of estimating the actual muscle
activity levels o (transversus) and o (styloglossus) based on sensor locations that are prone
to errors. The results of the estimated activation levels o; and o are presented in Figure 5.3(a)
as scatter plots for 2 sensors, in Figure 5.3(b) for 4 sensors, and in Figure 5.3(c) for 6 sensors,
respectively. Table 5.1 lists the estimated values and the respective standard deviations of the

sensitivity analysis.

O
Case A Case B Case C
2 sensors 0.7702+£0.1542 0.6992 +£0.2889
4 sensors 0.753240.1244 0.75474+0.1120 0.8056 +0.1694
6 sensors 0.7412+0.0761 0.7928 +0.1349
Ol
Case A Case B Case C
2 sensors  0.314940.2801 0.6125+0.3764
4 sensors 0.26554+0.1176 0.30654+0.1421 0.3135+0.2991
6 sensors 0.2578 £0.0639 0.4507 £0.3051

Table 5.1: Sensitivity results for tongue retraction: Reported are the estimated values and the
standard deviations of the activation levels ¢ and o, derived through inverse analysis using
perturbed sensor locations. The respective sensor locations were perturbed (see Section 5.3)
based on the results of the forward problem analysis, with o = 0.75 and o, = 0.25. The results
for a sample size of 41 is depicted for Case A, B, and C.

The standard deviation of the estimated activation levels decreased with an increasing number
of deployed sensors in all cases, except for Case C with 4 compared to 6 sensors, see Table
5.1. However, the difference in the standard deviation between 4 and 6 sensors in Case C was
marginal (0.2991 in case of 4 sensors compared to 0.3051 in case of 6 sensors). The difference

between the computed values from the inverse problems, E (&) and E(d), and the associated
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Figure 5.3: Scatter plots visualising the estimated levels of activation of the transversus (0y)
and styloglossus (o) muscle fibre groups for one deformation mode during tongue retraction.
The green triangles depict the (oy,0) levels obtained by solving the inverse problems under the
assumption that the sensor locations conform with Case A, the yellow diamonds represent the
results for Case B, and the blue squares show the resulting activation levels for Case C. The red
circle indicates the chosen (ground truth) activation level for the forward problem.

110



activation levels from the forward problem (o; and o) decreased with an increasing number
of sensors, except for & in Case A with 4 compared to 6 sensors. In Case A, the difference
between the computed values of the estimator ¢; and the activation level of the forward prob-
lem, o = 0.75, increased from 0.0032 for 4 sensors to 0.0088 with 6 sensors. However, the
associated standard deviations of the estimated activation levels decreased significantly from

0.1244 to 0.0761.

Since the estimated activation levels, & and @, are obtained based on an inverse problem
analysis, the values of the estimators and the respective standard deviations should not be con-
sidered independently. Therefore, two additional measures, combining the estimations for oy
and ay, are introduced. Firstly, the scaled bias of an estimator 6; is computed from

E(6)— 6

Bi(0;) = s;- o

) (5.15)

where 6; is either o or a; of the forward problem, i.e., & = 0.75 and a; = 0.25; E( éi) are the
estimated values reported in Table 5.1; and s; is a scaling factor that depends on the volume
fraction of the respective muscle fibre group. The scaling factors for the bias of the transversus

muscle fibre group, s;, and the stylogoluss muscle fibre group, s;, are defined as

de[(X) adv
o 5.16
N oL ser dy(x) dV (5.16)
and
AT T (5.17)

B Jo Zjeff dj(x) dv’
whereby € represents the volume of the entire tongue and d; is the volume fraction of muscle
fibre group j. The integrals in Equation 5.16 and 5.17 are approximated by summing up the
respective volume fractions at all Gauss points. Note that for each x € Q, the sum of all volume
fractions equals 1. Hence, the respective scaling parameters are computed from

B Zf of GP d[ (Xi)

R =0.1772 5.18
St yHorGP | (5.18)
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and

~ Zf orar ds (Xi)

~ =0.1063. 5.19
Ss Z?OfGPI ( )

In a similar way, the averaged bias, an overall measure for the standard deviation, is introduced
through an averaged coefficient of variation. The coefficient of variation c, (6;) for an estimator

6; is a normalised measure of dispersion of a probability distribution, i.e.

¢y (6) = —==. (5.20)
The variation of coefficients for the two different estimators is combined in one measure by
taking into account the scaling parameters of the respective muscle fibre groups.

Thus, the average bias and the average coefficient of variation are defined for the case of re-

traction in the following way:

_ 1 R
P = ZACk 5.21
St + S i_%‘js} ( >] ( )
and
o= |y 2@ (5.22)
St + S i={1.5} E(Gl)

The average bias, AP, and the average coefficient of variation, é?., as defined in Egs. 5.21 and

5.22, are given in Table 5.2 based on the data reported in Table 5.1. The average bias and

Case A Case B Case C
9P 4 98P & P é
2 sensors 0.1142 0.4587 0.5860 0.6826
4 sensors  0.0259 0.2693 0.0887 0.2666 0.1416 0.4892
6 sensors 0.0190 0.1571 0.3367 0.3601

Table 5.2: Average bias and average coefficient of variation calculated based on the expectation
values and respective standard deviations reported in Table 5.1.

coefficient of variation constitute two measures to estimate the material parameters, o; and o,

in instances where sensor locations are subject to machine-inherent measurement errors.

In the present study of tongue retraction, the bias decreased for all cases, if the number of sen-
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sors was increased, except for Case C with 4 sensors (0.1416) compared to 6 sensors (0.3367).
Furthermore, the bias and the coefficient of variation increased from Case A to Case C if the
number of sensors was kept fixed, except for 4 sensors in Case A (0.2693) compared to Case
B (0.2666). However, the bias of Case A (0.0259) was (much) smaller than the bias of Case
B (0.0887) with 4 sensors. Overall, the results in Table 5.2 support the results shown in Fig-
ure 5.2, suggesting that the Optimality Criterion I is, at least for the case of tongue retraction,

superior to the Optimality Criterion II.

To conclude with case study I, the optimal and worst sensor locations for n = 2, 4 and 6 de-
ployable sensors, as well as the 4 optimal sensor locations based on the Optimality Criterion I

and II, are depicted in Figure 5.4.

(a) 2 sensors (b) 4 sensors

(c) 6 sensors

Figure 5.4: Sensor placements for tracking tongue retraction using 2, 4, and 6 sensors based
on the Optimality Criterion I and II. The green cubes represent the sensor locations for Case
A (optimal), the golden cubes show the locations for Case B (heuristic), and the blue cubes
depict the sensor locations for Case C (worst). The location of one sensor, out of four sensors,
coincided in Case A and B. This sensor is highlighted in panel (b) in red.
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5.4.2 Case study II: elongation

In the second case study, muscle activation levels during tongue elongation are analysed in
a similar fashion as presented in Section 5.4.1 to further assess the robustness of the opti-
mal marker locations based on Optimality Criterion I and II. The primary muscle fibre groups
responsible for the elongation of the tongue are thought to be the transversus and verticalis
muscle fibre groups [Napadow et al., 1999a]. In the present work, the different deformation
modes of tongue elongation are computed by choosing the activation levels of oy = a, = 0.5
for transversus and verticalis muscle groups, respectively. Based on the resulting deformation
from the forward problem analysis, the muscle activation levels are estimated using an inverse
problem approach with 2 and 6 sensors in Case A and C, and 4 sensors in Case A, B and C.
Additionally, a sensitivity analysis is carried out for perturbed sensor locations due to machine-
inherent measurement errors. Again, for each case and for each sensor arrangement, a total
of 41 perturbed sensor locations are considered. For each perturbed sensor location an inverse
problem is solved to estimate the respective levels of activation. The search space of the inverse
problem hereby is restricted to 0 < 0y < 1 and 0 < ¢, < 1. All other activation level parameters

are considered to be 0.

Similar to the case of tongue retraction, the best and worst sensor arrangements for elongation
were determined for both the Optimality Criterion I and the Optimality Criterion II. The best
and worst sensor arrangements based on Optimality Criterion I with 2 and 6 sensors are denoted
by Case A and Case C respectively. The best sensor arrangement based on the Optimality
Criterion II with 4 deployable sensors is denoted by Case B. The sensor arrangements in all
cases are obtained by evaluating a similar objective function as proposed for tongue retraction.
The only differences between the objective function for tongue elongation, and the objective
function defined in Equation 5.14, are the values of the non-zero activation levels (o; and o,
instead of o4 and o for retraction). To extract the desired sensor locations, the respective
sensor arrangement indices are ordered by the magnitudes of the evaluated objectives function
values. Again, sensor location arrangements with larger values of the objective function are

considered to be more suitable for capturing the motion of the tongue during elongation. Figure
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5.5 presents the objective function values for n = 4 sensors and the locations of the sensors for

Case A, B, and C.

M3

210

D& 1 15
Sensor Arrangement Index

Figure 5.5: Ranking of feasible sensor arrangements, B, € SL(4), for elongation based on the
respective objective function values. Further included are the locations for the best (A) and
worst (C) choices, based on the Optimality Criterion I, as well as the best choice based on the
Optimality Criterion II (B). The respective sensor locations on the tongue surface are depicted
for Case A, B, and C.

Figure 5.6 depicts the solutions for all cases of the inverse problem analysis. The green tri-
angles depict the estimated activation levels (o;,0,) obtained by solving the respective inverse
problems for the best sensor placements based on Optimality Criterion I, the yellow diamonds
represent the estimates based on the best sensor placements obtained by Optimality Criterion
II, and the blue squares refer to the estimates based on the worst sensor placements obtained
by Optimality Criterion I. The red circle indicates the ground truth activation levels to de-

termine a mode of deformation during tongue elongation using the forward problem analysis

(01,00)=(0.5,0.5).

The more closely the estimates of the inverse problem were clustered around (o;,,)=(0.5,0.5),
the less sensitive were the estimated activation levels to measurement errors due to machine-
inherent recording errors. A statistical analysis was carried out to make a comparison between
Case A, B and C. Table 5.3 presents the computed values of the estimators, E(¢;) and E(d,)

and their standard deviations based on the results shown in Figure 5.6.

115



B m
u "
| m A
0.75 - A - 0.75
A g
S 05 %A R S 05
" Awa  m
| ‘ K ]
0.25 - l. - 0.25
Em
- [
o-m : : ‘ : 0 P . ‘ ‘
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Qe (627
(a) 2 sensors (b) 4 sensors
1,
[ |
: [ [
0.751 ... - -
u m
° A
30 = A
S m
[
0.251 e " [ ]
Em
[ |
0 . . . ,
0 0.25 0.5 0.75 1
(827

(c) 6 sensors

Figure 5.6: The scatter plots visualise the estimated levels of activation of the transversus (o)
and verticalis (¢,) muscle fibre groups for one deformation mode during tongue elongation.
The green triangles depict the estimated activation levels (¢,0,) obtained by the solving the
respective inverse problem with the sensor locations as in Case A, the yellow diamond represent
the results for Case B, and the blue squares show the estimated activations levels for Case C.
The red circle indicates the chosen ground truth level of activation for the forward problem
analysis.
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O

Case A Case B Case C
2 sensors 0.5284 +£0.1998 0.4923 £0.2807
4 sensors 0.5107£0.1639 0.5028 £0.2208 0.4889 £0.1965
6 sensors  0.5403 +£0.1368 0.5225+0.2165

o,

Case A Case B Case C
2 sensors 0.4792+0.1112 0.6022 +0.3420
4 sensors 0.50364+0.0588 0.55314+0.1054 0.5878 +0.3414
6 sensors  0.5049 +£0.0621 0.4927+0.2102

Table 5.3: Sensitivity results for tongue elongation: Reported are the estimated values and
the standard deviations of the activation levels o; and o, obtained through an inverse problem
analysis using perturbed sensor locations. The respective sensor locations were perturbed (see
Chapter 5.3) based on the results of the forward problem analysis with ground truth values of
oy = o, = 0.5. The results for a sample size of 41 is depicted for Case A, B, and C.

For a fixed number of deployable sensors, the standard deviations are smaller in Case A than
in Case C, as seen in Table 5.3. The standard deviation only decreases from Case B to Case C
for o with 4 deployed sensors. However, the standard deviation increases substantially from
Case B to Case C for o, with 4 deployed sensors. No clear behaviour with respect to the
estimated activation levels, i.e. & and ¢, can be deducted by statistically analysing each level
of activation independently, as seen in Table 5.4. However, the estimated values of ¢; vary less

compared to ¢,,. The range for E(&) is between 0.4889 and 0.5403, while the range for E(d,)
spread from 0.4792 to 0.6022.

Instead of analysing the estimated values and standard deviations of the different activation
levels independently, two combined statistical measures are defined like in the case of tongue

retraction. The average bias and the coefficient of variation for tongue elongation are computed

from
1 A
¢ = HB;(6; 5.23
P i_%} ()] (5.23)
and
TR s JRCOR (5.24)
St + 8y i={t,v} E(Gl)

where 6; is either oy or «, and the scaling factors for the transversus and the verticalis muscle

fibre group are s; = 0.1772 and s,, = 0.2087, respectively.
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The results of the average bias and the coefficient of variation for tongue elongation are given
in Table 5.4. The average bias and coefficient of variation increases from Case A to Case C,

provided that the number of deployable sensors remain constant (Table 5.4).

Case A Case B Case C
K¢ s PBE ¢ KBE c
2 sensors  0.0486 0.2991 0.1176 0.5690
4 sensors 0.0137 0.2105 0.0600 0.3047 0.1052 0.4987
6 sensors 0.0423 0.1828 0.0286 0.4210

Table 5.4: Average bias and average coefficient of variation calculated based on the estimated
values and standard deviations reported in Table 5.3.

This strengthened the hypothesis that Case A provided suitable optimality criteria for sensor
placement to calculate muscle fibre activation levels from inverse analysis given noise-afflicted
sensor measurements. For Case C, the average bias and coefficient of variation decreases if the
number of deployable sensors increases. Similarly, the average bias and coefficient of variation
decreased for Case A if the number of deployable sensors increases from 2 to 4. In contrast,
the average bias in Case A increases from 0.0137 for 4 sensors to 0.0423 for 6 sensors; while

the average coefficient of variation decreases from 0.2105 (4 sensors) to 0.1828 (6 sensors).

For tongue elongation, the optimal and worst sensor locations for n = 2, 4 and 6 deployable
sensors, as well as the 4 optimal sensor locations based on Optimality Criterion II, are depicted

in Figure 5.7.

5.5 Numerical behaviour of the estimation process

Computing for a specific set of sensor locations, the respective activation levels are based on
solving the optimisation problem given in Equation 5.13. For the Trust-Region-Reflective al-
gorithm, as for most other optimisation algorithms, a convex objective function with a global
minimum is desired. In the following, the visual characterisation of the objective function is
presented. To do so, the objective function, which is minimised with respect to the level of

activation (cf. Equation 5.13), was evaluated over the parameter space subject to different sce-
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(a) 2 sensors (b) 4 sensors

(c) 6 sensors

Figure 5.7: Sensor placements for tracking tongue elongation using 2, 4, and 6 sensors based
on Optimality Criterion I and II. The green cubes represent the locations for Case A, the golden
cubes show the locations of Case B, while the blue cubes depict the sensor locations of Case C.
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narios, e.g. for retraction and elongation and different sensor arrangements. Figure 5.8 depicts
the contour plots for retraction with 2, 4 and 6 sensors based on the previously-computed sen-
sor locations in Case A (Figure 5.8(a), 5.8(c) and 5.8(e)) and Case C (Figure 5.8(b), 5.8(d) and
5.8(f)). Figure 5.9 presents the respective contour plots for tracking elongation with 2, 4 and
6 sensors. Case A for elongation is depicted in Figure 5.9(a), 5.9(c) and 5.9(e) and Case C in
Figure 5.9(b), 5.9(d) and 5.9(f), respectively. In all cases, the sensors are not subjected to any

noise.

The contour line of the objective function emcompassed a much larger area in case of the worst
sensor placement (Case C) compared to the best sensor placement (Case A), see Figure 5.8.
The objective function represents the sum of the L,-norms of the differences between the mea-
sured sensor locations and the computed sensor locations. Thus, perturbing sensor , subject to
“bad” sensor placements (adding measurement noise), had a greater effect than for sensors with
“good” placement. Figures 5.8 and 5.9 provide visual insights as to why non-optimal sensor
placement lead to more variations in predicting the respective activation levels. Furthermore, an
increase in the number of sensors led to a rise in the numerical difference between neighbour-
ing contours lines, in case of good or bad sensor placement. This behaviour of the objective
function is associated with a greater convergence rate during the inverse estimation procedure,

and implies an increased chance of reaching the optimal solution (the actual configuration).

5.6 Discussion

Motion tracking systems are commonly used to study the dynamics (and indirectly the biome-
chanical behaviour) of an object. The challenge of all motion tracking systems is to find suitable
marker placements that completely characterise the motion of all points throughout the object.
In gait analysis, for example, the challenge is to deduce the relative motion of the bones within
the musculoskeletal systems from a (small) set of markers. Skin artefacts [e.g., Karlsson and
Tranberg, 1999] and wobbling masses [e.g., Schmitt and Giinther, 2011] can play a crucial

role in tracking gait and have the potential to introduce significant errors to the analysis. In
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Figure 5.8: Contour plot of the objective function given by Equation 5.13 with zero noise. The
red dots show the ground truth values of the activation parameters configuration with the ob-
jective function being 0. Panels (a), (c) and (e) depict the objective function in case of tracking
retraction with 2, 4 and 6 sensors, respectively, subject to the best sensor placement (Case A);
while Panels (b), (d) and (f) depict the objective function for the worst sensor placement (Case
O).
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Figure 5.9: Contour plot of the objective function given by Equation 5.13 with zero noise. The
red dots show the ground truth values of the activation parameters configuration for which the
objective function is 0. Panels (a), (c) and (e) depict the objective function in case of tracking
elongation with 2, 4 and 6 sensors, respectively, subject to the best sensor placements (Case
A); while Panels (b), (d) and (f) depict the objective function for the worst sensor placements
(Case C).
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the case of the tongue, the first challenge is to obtain reasonable marker movements as the
tongue is largely hidden within the oral cavity. This can be achieved using electromagnetic

articulography.

To obtain further insights into the biomechanical behaviour of the tongue, one has to study it’s
structural and mechanical properties, in addition to its motion. This poses further challenges
as the tongue is a complex, extremely flexible and dexterous mechanical object, consisting of
many interlaced muscle fibre groups. The present study provides, for the first time, a model-
based identification method for the optimal placement of Articulograph sensors on the accessi-
ble parts of the tongue surface to track different movements, e.g., tongue retraction and elonga-
tion. The model-based identification draws on a pre-computed envelope of tongue motion for
the cases of retraction and elongation. Apart from oral research, the present methodology may
provide a suitable tool to improve sensor locations for other motion tracking applications, such

as gait analysis.

As an alternative to articulography, MRI techniques have been employed to track the defor-
mation of the tongue [Stone et al., 2001, Hiiemae and Palmer, 2003, Honda et al., 2010]. In
contrast to motion tracking systems, which are limited to the external surface of the tongue,
MRI has the advantage to allow the tracking of the tongue’s internal structures. For example,
diffusion tensor MRI can provide interesting insights into the fibre distribution of the tongue;
tagged MRI allows one to analyse the muscle deformation during motion [Napadow et al.,
1999a,b, 2002]; and other MRI scanning sequences can provide ways of investigating strain
[e.g., Zhong et al., 2008, for skeletal muscles]. However, the acquisition of MRI data is gen-
erally time-consuming; while tongue movement, e.g. swallowing, happens quickly. Thus, the
acquisition of high-quality MRI data of the tongue in motion is challenging. The subject would
need to hold a desired pose for a long period of time or would need to be able to perform the

process of swallowing extremely slowly or in a very repetitive fashion.

In the present study, the tongue was considered as an isolated structure/organ, which is a draw-
back of the proposed modelling technique. The interaction of the tongue with the surrounding

structures of the oral cavity is not considered in computing the envelope of motion using the
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forward continuum-mechanical model. It is clear that interactions of the tongue with the palate
and teeth have an influence on the tongue’s mode of deformation. However, since interactions
with surrounding structures only occur in cases of high muscle activation levels, e.g. in the case
where the tip of the tongue is elongated far out of the mouth, the drawbacks of not considering

those interactions are limited.

The mechanical model is not only the basis for determining the optimal set of sensor locations
based on the envelope of movement (forward analysis); it is also used to derive the activation
levels based on a particular set of sensors for an actual tongue configuration (inverse analysis).
The ability to perform the inverse problem analysis depends on the robustness of the mechan-
ical model and the choice of objective function. Within this work, the objective function of
the inverse problem was based solely on minimising the Euclidean distances between predicted
sensor locations for the given estimate of activation levels, and the ground truth sensor loca-
tions obtained from the forward dynamics simulations (using specified activation levels). A
major issue with inverse problems for tissue parameter estimation is that the optimal consti-
tutive parameters may not be unique, particularly given the sparse nature of the articulograph
measurements. In the present study, the inverse analysis only comprise the estimation of two
muscle activation levels for the cases of elongation and retraction. Thus, the proposed objec-
tive function seems to be adequate. However, other objective functions, which further account
for inter-marker distances or strain measures, might be needed in future research to estimate

muscle activation parameters for more complex tongue movements.

The restriction to two muscle activation parameters, while subjecting the sensor locations to a
Gaussian-distributed measurement error, may result in the inability to find the optimal activa-
tion parameters within the search space. For example, if the error-prone sensor locations are not
within the range of the envelope of motion obtained through the parameter space (i.e., allowing
the activation parameters to range from O and 1), the optimal solution cannot be found. In
such a case, the optimal solution might be derived by extending the parameter search space to
include more muscle fibre groups or increasing the range of activation parameters beyond the

interval [0,1]. Increasing the search space to other muscle fibre groups is feasible. However,
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retraction or elongation are assumed to be driven by only two muscle fibre groups. If no opti-
mal solution is found, the inverse estimation procedure outputs activation levels at the fringe of

the parameter space.

The inverse estimation procedure is sensitive to the initial values of the activation parameters.
The objective function may exhibit a plateau or areas with very flat gradients. In such case,
the optimal parameters can vary widely for a given optimality tolerance. The variability can
be reduced if suitable sensor locations are chosen, as demonstrated in the present results. For
example, the estimated activation levels of Case C (worst sensor locations) were spread over
almost the entire admissible parameter space, while the activation levels for Case A (best sensor

locations) were contained within a much smaller region (see Figures 5.3 and 5.6).

The numerical results in Section 5.4 further demonstrate that the optimal sensor locations based
on the Optimality Criterion I have better expectation values/average bias than those based on
Optimality Criterion II. In addition, this study demonstrates that an increase in the number of
sensors improves the estimated levels of activation for all cases except one (increased bias in
Case A for 6 sensors compared to 4, which might be due to added noise). In a post-analysis, an

additional test was undertaken with 12 additional test samples

In multi-parameter optimisation, the accuracy of a specific optimisation parameter is often in-
fluenced by scaling. Thus, additional care needs to be taken when interpreting the results of
the inverse problem because the mechanical model contains intrinsic scaling through the vol-
ume fraction and the level of activation. The computed activation levels and standard deviations
might be more error-afflicted for muscle fibre groups with small volume fractions. Muscle fibre
groups with small volume fractions are likely to have a smaller effect on overall deformation
patterns compared to the larger muscle fibre groups. Therefore identifying parameters of the

smaller fibre groups will likely be ill-posed, yielding non-unique estimates.

Due to the complex muscle fibre architecture and its associated mechanical behaviour, only
two specific motions (tongue retraction and elongation) are considered in this research. Fur-

thermore, symmetry assumptions are exploited to reduce the computational time. In particular,
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it is assumed that the symmetric arrangement of the muscle fibre groups within the tongue leads
to symmetric contractions and to symmetric deformations. Additionally, the present computa-
tional analyses are based on the assumption that the level of activation is constant throughout
the entire muscle fibre group. Only symmetric movements, including tongue elongation or
retraction, are considered, and hence, the symmetry assumptions are considered realistic and

justify the restriction of the analysis to one half of the tongue.

The number of sensors for each half of the tongue is limited to a maximum of 6 sensors due
to the physical limitations in the recording channels of the articulograph. A typical setup of
an AG500 consists of 12 recording channels. However, placing all 12 sensors on the tongue
is not advisable. To isolate the specific tongue deformation, the movement of the mandible
needs to be taken into account. To obtain the mandible movement with six degrees of freedom,
at least three markers need to be utilised on the head, e.g., adhering them to the maxillary
teeth, and three markers on the mandible, e.g., on the mandibular teeth [compare, for example,
Rohrle et al., 2009, Saini et al., 2009]. The initial distribution of potential sensor locations
(48 per half tongue) was evenly distributed over the accessible tongue surface. The distances
between sensors were big enough to avoid overlapping regions of two neighbouring sensors
after the application of noise, i.e. machine-inherent error. An overlap of sensor locations would
pose additional challenges in obtaining the levels of activation by means of an inverse problem

analysis.

The application of the present modelling framework to the entire tongue would likely result in a
different optimal sensor arrangement compared to half of the tongue. For example, in the case
that one sensor is located on the line of symmetry, it would make no sense to add another sensor
at the same location when considering the entire tongue. Nevertheless, the present approach
may be utilised to determine the optimal sensor locations on the entire tongue; however, the
number of deployable sensor locations would need to be reduced. Choosing a total of 96 sensor
locations (twice as many as for half of the tongue) would result in too many combinations of
sensor arrangements. Thus, some sensor arrangements would need to be ruled out a priori to

provide a computationally tractable problem.
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Some computed sensor locations might not be practical for experimental data acquisition. Thus,
recommendations from this work should be considered qualitative in nature. A great deal of
variability exists between the tongue’s shape and muscle fibre distribution of different subjects.
Nevertheless, the outcome of the present study provides clear evidence for a recommendation
of sensor placements if the aim is to track tongue retraction or elongation (see Figures 5.2
and 5.5). Several sensible choices of sensor locations are identified, while unsuitable choices
are pointed out. Based on the results of the present work, it can be concluded that sensor
locations for articulography should not be chosen arbitrarily or heuristically. In particular, a
heuristic criterion such as the Optimality Criterion II, aiming to account for the magnitude
and maximal variation of the displacement in each spatial direction, exhibited high average
bias and coefficient of variation. The overall method, presented in this work, is well suited
for application to other cases, which aim to determine an optimal set of sensor locations for

capturing the key characteristics of mechanical deformation, e.g., in gait analysis.

5.7 Summary

The deformations of the tongue model, sampled in the parameter (activation level) domain,
are used to identify the best sensor locations to improve the tracking of motion features of the
tongue. The present study introduces a forward problem method to derive the envelopes of
the tongue motion for improved design of sensor locations during articulography. The optimal
sensor locations are subsequently used to quantitatively identify the muscle contractile state
by conducting an inverse problem analysis using the tongue model, under the conditions of
large machine-inherent errors. A possible extension of the inverse problem may help in the
identification of muscular activity for a particular tongue motion. Such insights can benefit
the understanding of the mechanism behind the tongue’s various deformations during different

physiological tasks (e.g. swallowing) in a model-based quantitative manner.
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Chapter 6

Identification of tongue muscle fibre group

contraction from MR images

The literature regarding muscle activation levels during tongue motion is sparse, and the phys-
iological roles of different muscle groups involved in tongue function are poorly understood.
One objective of the present study is to use the tongue model, developed in Chapter 4, to study
the correlation between tongue motion and tongue muscular activity. The results of the inverse
problem, summarised in Chapter 5, demonstrate that the relationship between muscle structure

and tongue function can be analysed using the proposed modelling framework.

In the following, the inverse problem framework is applied to investigate the physiological
roles of tongue muscles during propulsion in dry swallowing using kinematic data reported by

Napadow et al. [1999b]. The associated computational experiments consist of two parts
* Firstly, the empirical conclusions drawn by Napadow et al. [1999b] are tested using an
inverse problem framework.

* Secondly, more comprehensive inverse testing of the given data is conducted to identify
additional muscle activity patterns during propulsion, which might have been ignored

previously.
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Note that, comprehensive inverse testing requires extensive computational resource. Thus, a
special emphasis is placed on improving efficiency of the inverse framework outlined in Section

4.7 prior to any analysis.

6.1 Tongue imaging experiments by Napadow et al. [1999b]

MRI tissue tagging makes it possible to fully characterise the deformation of the tongue during
different activities by tracking material points within the tongue body. Napadow et al. [1999b]
studied the in-vivo deformation of the tongue during different food intake tasks, and provided
a quantitative description of the internal tissue movements during these activities. The same
study further attempted to explain the different muscle activation patterns by combining muscle

motion, derived from MR images, with spatial distributions and orientations of muscle fibres.

In Napadow et al. [1999b]’s study, a series of tagged MR images in the mid-sagittal plane of the
tongue was obtained from 7 healthy adults during propulsion under dry swallowing conditions
(i.e. swallowing saliva only). The MR images were obtained using a 1.5 Tesla Siemens Vision
MRI system, and an anterior neck coil with an ultrafast asymmetric gradient echo pulse se-
quence (TurboFlash). The imaging parameters were defined as follows: image slice thickness

10mm, effective spatial resolution 1.33 x 1.33mm, and matrix size 80 x 128.

Figure 6.1: Four functional regions defined in the mid-sagittal image plane by Napadow et al.
[1999b]. The axes on the left hand sides indicate the anterior-posterior direction (x), the
superior-inferior direction (y) and the medial-lateral direction (z). Reproduced from Napadow
et al. [1999b].
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Region 1 Region 2 Region 3 Region 4
AP 0.034 £0.053 0.065 £0.081 0.173 £0.045 x 0.064 = 0.044 *
SI  0.083 £0.067 * 0.050 £0.093 0.098 £ 0.050 x  0.008 £ 0.058

Table 6.1: Measured axial strain data (mean + standard deviation; * P < 0.01) taken from Na-
padow et al. [1999b] estimated within four predefined regions in the tongue during dry swal-
lowing. AP and SI denote the anterior-posterior and superior-inferior directions, respectively.

Region 1 Region 2 Region 3 Region 4
ML -0.031 £0.064 -0.014 +£0.08 -0.109 £+ 0.040 * -0.004 £ 0.061

Table 6.2: Derived ML (medial-lateral) axial strain data (mean =+ standard deviation;
* P < 0.01) taken from Napadow et al. [1999b] using the assumption of tissue incompressibil-

1ty.

In Napadow’s experiment, the mid-sagittal area of the tongue was divided into four non-
overlapping regions (see Figure 6.1 in Napadow et al. [1999b]), with each region including
several muscle fibre families. The average local axial strains were derived for each region by
tracking the deformation of the MRI tags based on the image stacks. For each region, the mean
=+ standard deviation of the axial strains in anterior-posterior (AP) and superior-inferior (SI)
directions were derived. The resulting strain values in the AP and SI directions are given in
Table 6.1. Table 6.2 shows the average axial strains in the medial-lateral (ML) direction, which

were derived using the assumption of tissue incompressibility.

The observations by Napadow et al. [1999b] (Table 6.1) indicate that the tongue expands along
the AP and SI directions during propulsion in dry swallowing. Since muscle contraction is the
only driving force leading to tongue deformation, Napadow et al. [1999b] postulated that the
geometrical arrangements of different tongue muscles greatly influence the resultant shape of
the tongue. Based on the experimental data, Napadow et al. [1999b] concluded that the AP and
SI expansions of the tongue are most likely due to contraction of the transversus or verticalis
intrinsic muscles (both of which are believed to align orthogonally in the coronal image plane
according to classical anatomy, as shown in Figure 4.2(a)). It was further hypothesised that the
retrograde motion of the tongue in propulsion is due to muscle activation of the styloglossus

(shown in Figure 4.2(f)).
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6.2 Computational simulations of tongue mechanics

Deriving the muscular activities of various tongue muscles using the developed model from
Napadow’s data is an inverse problem. In this section, the details of the objective function and

the computational experiments of muscular activity identification are presented.

6.2.1 Objective function

The four regions in the mid-sagittal plane of the tongue, described in Napadow et al. [1999b],
are identified on the tongue model as shown in Figure 6.2. Each region is identified using a set
of spatial data points. The local strain tensor E is evaluated at each point by E = 1/2(Vu+
Vu! 4 Vu’ Vu), and the average axial strains in the AP and SI directions for the j-th region of

the tongue model are denoted as EgﬁmOdel) and Eé{ ’mOdel), respectively.

In order to estimate the muscle activation levels (@), the difference between the modelling
results from the inverse problem and the experimentally collected image data is minimised.
The following objective function was introduced to compare the average axial strains within

each region

4 (j,expt) (j,model) 2 4 (J,expt) (j,model) 2
Efp  —Efp (@) Esi — —Eg (@)
fla)=Y (Goexpt) L Grexpt) - ©D

where superscript j denotes the region index, superscript expt represents the experimental data,
Glgjl;exm) and GS('I’ P Jenote the standard deviations of the average axial strain in AP and SI
directions, respectively, which are given in Table 6.1. The standard deviation of the measured

(7.expt) (f’eXp Y were used to scale the differences between the mean strain values

data 0,p and oy
of the model and the experimental data, respectively. Smaller standard deviations imply less
variations in the measured strain distributions between different individuals, and are thus given

a higher weight in the matching process.
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() (b)

Figure 6.2: Four regions defined in the tongue model in the initial state correspond to the four
imaging regions in Napadow et al. [1999b]. The black dots demarcate the mid-sagittal plane
from which Napadow imaged the tongue. The white, green, blue and gold data points represent
Region 1, 2, 3 and 4, respectively.

6.2.2 Inverse simulations

Two sets of simulations consisting of five case studies were designed to identify the muscle
activation patterns which best matched the experimental strain data in Table 6.1. The inverse
problem framework developed in Section 4.7 is used to estimate the levels of activation with in
the parameter space that upper bound may beyond 1.0, i.e. & € [0,3]", where N is the number
of estimated parameters. Firstly, the following three cases were tested assuming homogenous

muscle contraction,

* Case study I: Testing of Napadow’s hypothesis that the tongue propulsion, as char-
acterised using MRI, is due to the co-contraction of the muscles of styloglossus and

transversus or a combination of styloglossus and verticalis muscles (2 parameters);

* Case study II: Testing of 35 other possible activation patterns involving 3 muscles (3

parameters) to see if a better match between model and experimental data can be found.
* Case study III: Testing of one possible activation pattern involving 4 muscles (4 parame-

ters) to see if a better match between model and experimental data can be found.

Secondly, two heterogeneous muscle activation patterns were tested (functional segment con-

trol) to best match the experimental strain data,
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* Case study I'V: Testing of Napadow’s hypothesis related to the transversus and styloglossus

muscles plus a heterogeneous contraction of the transversus muscle;

* Case study V: Testing of the muscle activation pattern with 4 muscles (Case study III)

with a heterogeneous contraction of the transversus muscle.

The design of the five case studies is detailed in Section 6.4.

Napadow’s experimental data in Table 6.1 are based on a group of 7 subjects. It is assumed that
the data sufficiently represent the statistical variation in tongue deformation during propulsion
within the population. The number of standard deviations (NSD) is introduced to compare the
differences in modelling output with the experimental data in a statistical sense. The NSD is

defined as ( : ( :
J.expt J,model
|E direction E direction (a)‘
(J.expt)
direction

NSD =

) (6.2)

where the subscript labelled as “direction” indicates either AP or SI direction, and the super-

script j is the region index.

6.3 Method: Accelerating the inverse problem

The inverse problem framework, presented in Section 4.7, is employed for the computational
experiments outlined above. The inverse problem is solved using a Newton-like method. In
the context of optimization, this sort of method in general requires the construction of multiple
components including the objective function, its first derivative (i.e. the gradient vector) and
its second derivative (i.e. the Hessian matrix) [Greig, 1980]. Each component is defined with
respect to one, or multiple, configurations of the tongue model and is found through the forward
difference method in incremental step sizes of 0.001 (§o; = 0.001, d; is the i-th component

of dax).

In order to obtain the global minimum in the parameter domain in the present work, each com-

bination of muscles is tested with 6 initial start values. For each value, the parameter estimation
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procedure requires the evaluation of multiple configurations to derive the objective function and
the first and the second derivatives of the objective function. For instance, in the case of esti-
mating 3 parameters, the forward difference method requires a total of 10 computations. In a
conventional solution strategy, the incremental path of each parameter (i.e. levels of activation,
Q) is tracked from the undeformed to the target configuration. Thereby, the big O notation
O(N) is introduced to denote the time spent on the entire solution procedure of the FE model.
Thus, in the case of the estimation of 3 parameters, the time needed for one iteration becomes
60 x O(N). With the pre-set maximum number of iterative steps of 100 steps in this study, in
the worst scenario, a total solution time is 6000 x O(N) for the combination with 3 muscles.
Given these estimates, a reduction of the the total solution time for one iterative step of the

inverse procedure becomes necessary and critical.

For improving the computational efficiency, the following strategy was employed. Firstly, par-
allel computing techniques were applied to simultaneously evaluate different tongue deforma-
tions for solving the objective function and its derivatives (the gradient vector and Hessian
matrix), as presented in Section 6.3.1. Secondly, the time costs for deriving the model defor-
mation (O(N)) is reduced using a so-called warm start technique with pre-sampled deformed
configurations (i.e. pre-computed deformed configurations or solutions) of the tongue model
to avoid unnecessary repetitions in the incremental path. This is discussed and presented in

Section 6.3.2 and 6.3.3.

6.3.1 Parallel computing

Parallel computing is a computational technique using multiple physical CPUs to simultane-
ously carry out the computations, and hence, reduce the total processing time. To solve the
inverse problem using parallel computing, the overall problem needs to be treated as multiple
independent parts, where each part is solved separately. In the present study, the forward dif-
ference method is adopted to compute the gradient vector and Hessian matrix of the inverse
problem. Since the components (i.e. model configurations) for assembling the derivatives are

independent to each other, thus they can be processed independently using an embarrassing
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Figure 6.3: Flow chart of a single thread to evaluate the inverse problem of one tongue config-
uration.

parallel computing technique. Figure 6.3 illustrates the flow of single thread to evaluate the

inverse problem of one tongue configuration.

In the present study, the parameter estimation procedure was implemented in Python v2.6 with
Numpy v1.6 and Scipy v0.11 packages. The numerical solver for the optimization problem
was based on the limited memory Broyden-Fletcher-Goldfarb-Shanno bounded (L.-BFGS-B)
optimisation algorithm [Byrd et al., 1995, Zhu et al., 1997]. In general, a Newton-Raphson
type iterative method was used to find the global minimum of the objective function in the
defined parameter domain, e.g. & € [0, 1]? in the case of two involved muscles. To deal with
the large computational complexity, the computational experiments (Case studies I-V) were

simultaneously evaluated using the NeSI (New Zealand eScience Infrastructure) Pan cluster
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supercomputer. The NeSI Pan cluster is equipped with 160 computing nodes, each with 16

cores at speed of 2.70 GHz (a total of 1960 cores) with up to 88 GB memory.

6.3.2 Improving the FE solution procedure

Solving for the deformed model configuration caused by muscle contraction is not straightfor-
ward. In a typical FE problem, the deformation of a continuum body is subject to prescribed
boundary conditions, such as stretching or compressing of the FE model at desired nodes, lines
or faces. The same strategy using incrementally rising levels of activation is applied in the

forward method to solve the deformation caused by a muscular contraction.

For convenience, the deformed configuration of the tongue model is denoted as Q(et), which
is to represent the deformed state corresponding to an activation level vector. In the case of
a conventional FE problem, an incremental path of the material parameter (e.g. the activation
level) from the reference configuration to the target configuration is used to incrementally and
iteratively derive the target deformed configuration. The first step of the incremental solution
procedure is to compute the configuration with the first activation levels in the incremental path,
using the reference configuration. The activation level vector is subsequently increased and the
corresponding deformed configuration is solved starting from previously computed solutions.
The new computed solution will become the starting configuration for the next required config-
uration in the incremental path. This iterative process is terminated when it reaches the target

activation levels.

In the inverse problem framework, multiple deformation solutions for different activation states
are required in each iterative step of the parameter estimation procedure. Using the conven-
tional solution strategy means all required target configurations have to be solved from the
reference state. Repeating this process at each iterative step of the parameter estimation reduce

the overall performance due to high computational costs.

As the tongue tissue is assumed to be a hyperelastic material, the configuration does not depend

on the deformation history. Thus, any deformed state of the model, i.e. the nodal displacement
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u, might be used as an initial guess for deriving a particular target state. Hence, a wisely
chosen pre-sampled configuration is expected to reduce the computational time for solving
the inverse problem in comparison with a conventional strategy that always uses the reference
configuration as initial estimate of the solution. This solution strategy is referred to as a warm

start technique.

Given a pre-sampled configuration Q(¢,_1), the aim of the warm start technique is to derive
Q(a;) from Q(e,_1), where @, is non-zero in general. Recalling that the linearised form of

the FE system without considering the role of activation level parameters is
K[v’]éu’ = R [u’], (6.3)

where u’® denotes the model state (displacement at each node) of the s-th iterative step. The
nodal displacement at the (s+)-th step is obtained through u’*! = u* + Su®. The nodal dis-
placements u depend on a given activation level vector @;_1, and the stress tensor S that assem-
bles the stiffness matrix (K) and residual vector (R) that also depends on the given activation

level vector @;_. Thus, Equation 6.3 can be seen as
Kv'(a,—1),a,_1]0u’ =R [’ (0;—1), 0 1]. (6.4)

Equation 6.4 can then be solved iteratively, i.e. find a final displacement vector u through iter-

atively determining u**! = u® 4+ Su’® until the sequence satisfies the convergence criteria.

Given a target configuration with o; = @,_ + 0@, the FE system will move away from the
balanced state since the muscle activation level is changing by (& = a&; — a;_ ). Therefore, in
the first iterative step (s = 1), the linear system (Equation 6.4) is transformed into the following
form

K[u'(e,1), 0] 6u' =R [u' (a,_1), 0] (6.5)

Equation 6.5 is then iteratively solved until it reaches equilibrium. The pre-computed nodal
displacements u' of the configuration Q(@;_1), i.e. u!(@,_), can thereby used as initial guess

to find target deformation Q(@;). This warm start technique will slightly reduce the required
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computational time. Note that, warm start techniques depend on the choosing reasonable con-
figurations of the deformed tongue model to serve as initial states. Furthermore, the warm
start technique may use the pre-computed configurations to reduce the incremental path, hence
the total computational time. However, the definition of appropriate incremental steps is still

needed to obtain the target configuration from the pre-computed solutions/configurations.

6.3.3 Stability conditions and incremental path planning

The above proposed strategy (i.e. the warm start technique) requires (1) the definition of a pre-
sampled configuration as initial estimate of the the solution process, and (2) the planning of
incremental steps that lead from the pre-computed configuration to the target state. Inappro-
priate definition of incremental activation levels for a given starting configuration could trigger
failure in the solution of the system equations. In the following, the criteria for system stability

of multi-fibre contraction is discussed.

Stability conditions

Condition 1: The total strain-energy function with respect to the target configuration €2 is
written as

Wo = / S(a;,—1+da):EdV, (6.6)
Qg

where Wo = Wpassive,@ + Wactive,@- By applying the Taylor expansion on the total strain energy

function, one obtains [Ibrahimbegovi¢, 2009]
Wolt_1 +80) ~ Wo(tt_1) + D' (Wa(en_1)) [5a] + D" (Wa (et 1)) [t 6], (6.7)

where operator D denotes the Frechet directional derivative in the direction d@. The second

order derivative can be then further rewriten as
D' (Wa(o;_1))[da,8a) = Sa’Ksa (6.8)
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If Wo (@, + @) is in an equilibrium state, D' (Wq (@,—1))[8¢e] = 0. The difference in total
potential strain energy between @;_; and (@;_; + 0 &) is then controlled by the second term

Sa’Kéa.

If the muscle activation level increases, the overall potential energy will increase, and one yields
the inequality Wo (0,1 + 0 @) > Wo(;—) where @ > 0. From a mathematical point of view,
this condition leads to &’ K@ > 0 with K positive definite; if Wo (@, +da) < Wo(a;_1),
K is negative definite [Ibrahimbegovi¢, 2009]. In such a situation, it would be highly likely
that the linear system would fail without converging to a solution [Ibrahimbegovié, 2009].
This leads to the first critical condition of the warm start procedure: the total energy of any

neighbouring configuration needs to be smaller than the target configuration.

The deformation of the tongue model is driven by different levels of muscle activation. Thus,

the selection of initial muscle activation levels is crucial for Newton’s method to be successful.

Condition 2: As shown in Equation 4.33, finding a target deformation of the tongue model
based on given boundary conditions and varying muscle activation levels can be seen as a
searching procedure within the admissible solution space (displacement). Equation 4.33 is
solved using Newton’s method. One critical condition of Newton’s method is that the initial
starting point (configuration) is close to the actual solution. Otherwise, the method is likely
to fail and not converge to the root. Theoretically, a large active stress will produce a large
deformation. Large active stresses imply a rapid change of the internal stress; and resulting in
an initial guess for Newton’s method that might be not sufficiently close to the solution. This
might cause deteriorating convergence rates or no convergence at all. Hence, the incremental

activation level vector shall maintain in a comparatively small level.

An applied additional condition is that each component of incremental activation level vector
o a; (the i-th component of da corresponding to ¢; in @), is chosen in such a way that two
active stresses are close. In this work, the magnitude of the incremental activation level of each

muscle between two neighbouring configurations is restricted to
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This restriction is based on empirical tests. Note that, @ may not be the activation level vector
of the pre-sampled configuration, it could be an activation level vector along the incremental

path.

Incremental path planning and sampling strategy

Planning the incremental path from the initial to the target configuration relies on the two con-
ditions outlined above. To derive the target configuration Q(¢e;), a neighbouring configuration
Q(a;_1), which every component o;;—1 in @;_| needs to be bigger than the corresponding
components in ; to satisfy Condition 1, is required to be selected. To satisfy Condition 2, the
incremental steps of the single components in activation levels, d @, needs to be restricted to

the same orders of magnitudes as the level of activation in the incremental path.

To construct the incremental steps, i.e. a series of activation level vectors, the following two
functions are defined to extract useful numerical information from each component of activa-
tion level vector @;_. For a given scalar level of activation ¢; in @, the following two functions

are used to compute the order of magnitude and the fractional part of ;:

* forder(04) returns the order of magnitude of @, and is defined as

forder(ai) = ﬂ001’(10g10(05i)), (6.10)

where the function floor rounds log;(¢;) to the nearest integer less than or equal to

log;o(a);

* fhead(@) returns the fractional part of @; in a normalised scientific notation, that is

fhead(al) B IOforder(al) ’ (6.11)
For any ¢;, one thus obtains
0 = fhead (0) X 10 orter (@) (6.12)
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Theoretically, to derive the target configuration Q(e;) from Q(@;_), a generic incremental

sequence for every component ¢; can be constructed, such that
{ freaa(Cig—1) X 10f0rder(ai,tfl)’ _ IOforder(ai,t), o Fead (0ig) X loforder(ai,t)}. (6.13)

The incremental factor 6 & between two neighbours in the incremental path depends the pre-
vious activation level 041, i.e. §& = forder(0i;—1). Note that, the subscript  — 1 here is not
for denoting the pre-computed solution, but an intermediate activation level in the incremental
path. The above condition for d« is to ensure that Condition 2 is satisfied and large stress
increments are avoided during the solution process. In practice, the solution of the forward
problem within the inverse problem procedure, the procedure reuses the levels of activation in
the sequence, and use the previous solution as the initial guess for deriving the next deformed

configuration in the sequence, until reaching the final target configuration.

The actual incremental path relies on the selection of the nearest configuration from a pre-
computed set of solution. The selected pre-computed model configuration, i.e. the pre-computed
solution, serves as the starting configuration to solve for the target configuration in the warm
start procedure of the inverse problem. A “good” selection of the starting configuration can
effectively reduce the total computational costs, and lead to a more robust solution of the linear
system. In other words, a wisely planed sampling strategy can improve the overall performance

and reduce the total time spent on executing less incremental steps.

One intuitive idea to reduce the number of incremental steps is to increase the coverage of
sample points over the parameter domain. A high coverage of sample points implies less in-
cremental steps are necessary to compute the respective model deformations. However, a high
sampling density, e.g. the evenly distributed mesh grid, implies long computational times for
determining the pre-computed solutions. Consequently, the overall computational time would
dramatically increase to a level in which the entire problem cannot be solved in a reasonable

amount of time.

Given the above dilemma, the sample points can be constrained to the diagonal of the param-
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eter domain. More precisely, the activation levels of all stimulated muscles are defined to be
identical, e.g. (0.1,0.1,0.1,...). Thus, for example, a model configuration with two stimulated

muscles only requires to the solutions for the deformations resulting from
oy = ap = {0.00001,0.0001,0.001,0.01,0.1,0.2,0.3,--- ,0.9,1.0}

prior to the actual parameter estimation. Note that, in practice, the configuration with & =
0.00001 (i.e. the components in & corresponding to involved muscles are equal to 0.00001) is
quite close to the initial configuration, since the deformation with this level of activation is neg-
ligible. In other words, the inverse problem procedure does not need to solve the intermediate

configurations from the reference configuration to the configuration with & = 0.00001.

The strategy, that samples the deformation along the diagonal path of the domain of the activa-
tion level, leads to a loss of the full coverage in the parameter domain. However, the distances
between neighbouring configurations remain relatively small compared with other sampling
strategies with less sampling points. Appendix D outlines a computational experiment for test-

ing the performance of the improved inverse procedure.

6.4 Case studies of estimating the muscular activity in tongue

propulsion

6.4.1 Homogeneous muscular activity
Case study I: Testing Napadow et al. [1999b]’s hypothesis

Two test cases were analysed to test Napadow’s hypothesis. For each case study, the activation
parameters of two sets of muscle combinations were considered, including the combination of
the transversus and styloglossus muscles (& = (o4, 0,)), and the combination of the verticalis

and styloglossus muscles (& = (o, ¢)).
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Results: The optimal activation levels for each muscle combination (i.e. (0, o) and (0, o)),
which minimised the RMS difference between the modelling results and the experimental data
(objective function f in Equation 6.1), are shown in Table 6.3. Combined activation of the
styloglossus and transversus muscles resulted in a closer match (f(o,0,) = 19.9) with the
experimental strain data in Table 6.1 compared to the combined activation of the verticalis and

styloglossus muscles (f (o, o) = 23.1).

a f(&)
(05, 04) = (1.512,0.496) 19.907
(0, 0,) = (0.228,0.046) 24.697

Table 6.3: Parameter estimation results for case study I, testing of the Napadow’s hypothe-
sis. The sub-indices s, t and v on the left hand side denote the styloglossus, transversus and
verticalis muscles, respectively. The optimal activation levels & for the two sets of muscular
combinations are listed in the middle column. The values of the objective function f at the
optimal solutions are shown in the last column.

Table 6.4 lists the predicted regional strains with (o, 04) = (1.512,0.496). The simultaneous
contraction of the styloglossus and transversus muscles produce the most dominant stretching
deformation along the SI direction in Region 1. At the same time, Region 3 showed a compres-
sive deformation in the AP direction, which is unlike the observation by Napadow (Table 6.1).
The NSDs of the average strain in the AP and SI directions in Region 3 are 4.14 and 0.951

respectively, indicating a large difference compared to the experimental data.

Table 6.5 lists the predicted regional strains with (o, or,) = (0.228,0.046). Apart from Region
4, all other regions exhibit NSDs higher than 1, indicating significant differences to the exper-
imental data. Interestingly, the average strain in the AP direction of Region 3 shows a slightly

lower NSD (3.388) compared to the first activation case (0, 0¢) = (1.512,0.496) (NSD=4.14).

Region1 NSD Region2 NSD Region3 NSD Region4 NSD

AP  -0.016 095 0.047 0218 -0.013 4.14 0.046  0.416
SI 0.133  0.747 0.035  0.165 0.05 0.951 0.031  0.397

Table 6.4: The average axial strains and the standard deviation (NSD) and the number of stan-
dard deviations (NSD) away from the experimental data for the four regions of the deformed
tongue model obtained by choosing (¢, o) = (1.512,0.496).
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Regionl NSD Region2 NSD Region3 NSD Region4 NSD

AP -0.094 2422 -0.025 1.121 0.021 3.388 0.040  0.553
SI 0.025 0873 -0.044 1.001 -0.001 1980 -0.011 0.322

Table 6.5: The average axial strains in the four regions of the deformed tongue model obtained
by choosing (@, @,) = (0.228,0.046). NSD: number of standard deviations between the model
predictions and experimental strain estimates.

This implies that the contraction of the verticalis muscle, with its vertical fibre arrangement
(superior-inferiorly), might contribute to the expansion of the tongue in the AP direction in

Region 3. However, the difference in NSD between the two activation cases is small.

For both activation cases (oy, 0) and (e, ), the solutions of the objective function are not
substantially reduced compared to the value in the initial state (f = 24.8). In other words, nei-
ther combination (the transversus and styloglossus muscles, or the verticalis and styloglossus
muscles) could drive the deformation of the tongue model sufficiently close to the experimental
data. These results suggest that the experimental data cannot be reproduced using the tongue

model in combination with the muscle activity proposed by Napadow.

Case study II: Comprehensive testing of combinations with 3 muscles

Comprehensive testing was performed to determine if other muscle combinations could bet-
ter match Napadow’s experimental data. Hrycyshyn and Basmajian [1972], Kayalioglu et al.
[2007a] and Felton et al. [2007] hypothesised that 7 muscles might be involved in the propul-
sion of swallowing. The muscles included transversus (¢), verticalis (v), superior longitudinalis
(sl), genioglossus (gg, both anterior and posterior parts), styloglossus (s), hyoglossus (#) and
mylohyoid (m). To reduce the computational complexity, we tested whether the tongue defor-
mation during propulsion could be produced by simultaneous contraction of any combination
of 3 out of these 7 muscles, e.g. @ = (0, 04, @,). Thus, 35 different combinations of 3 active

muscles were tested.

Results: The results for testing the objective function f in Equation 6.1 with combinations of 3

muscles are shown in Figure 6.4. Simultaneous activation of the hyoglossus (h), styloglossus (s)
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and transversus (t) muscles produced the best match (with the experimental data, i.e. minimal

-

Table 6.6 (Figure 6.6) shows the AP and SI axial strains in the four regions of the tongue.
The overall best watch was given by (ay, @y, 04) = (0.6420.7760.171). In general, the AP
axial strains in Region 3 and 4, and the SI axial strains in Region 1 and 3, match the sign of
the corresponding experimental data in Table 6.1. However, the values of the NSDs indicate
that large differences remain between the model prediction and the experimental data. The
average AP axial strain in Region 3 showed the largest NSD (3.550). High NSD values are
also obtained for the average AP axial strain in Region 1 (1.445). The average strain values
in the AP direction of Region 1 (—0.043) indicate an opposite deformation compared to the

corresponding experimental data in Table 6.1.

Region1 NSD Region2 NSD Region3 NSD Region4 NSD

AP -0.043 1445 0.008 0.706  0.013 3550 0.049 0.336
SI 0.101  0.266  0.013 0402  0.043 1.082  0.035  0.468

Table 6.6: The average axial strains in the four regions of the tongue model for (o, &4y, 0) =
(0.6420.7760.171). NSD: number of standard deviations between the model predictions and
experimental strain estimates.

In summary, the comprehensive testing of combinations with three muscles shows that the
simultaneous activation of the hyoglossus, styloglossus and transversus muscles produce the
smallest values of the objective function f. It was observed that the hyoglossus, mylohyoid
and styloglossus muscles could influence the deformation in the observational imaging plane
(the mid-sagittal plane), even though these muscles are largely located outside of this region.
In short, none of the tested combinations of 3 muscles lead to a model deformation that fully
matched with the experimental data in all regions. However, as shown in Table 6.4, the largest
activation levels among all the combinations are seen for the hyoglossus, mylohyoid, styloglos-
sus and transversus muscles, which indicates that each of these four muscle groups may play an
important role during propulsion. This raised the question as to whether the combined action
of all four of these muscle groups might improve the match between the model predictions and

experimentally measured deformations during tongue propulsion.
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Figure 6.4: The estimated activation levels @ for the corresponding combinations with three
muscles, with f(&) being the values of the objective function at optimal activation levels
¢. Each row corresponds to a different muscle combination, the symbol “-” denotes mus-
cles which were not selected (their values were set to zero.). The grey-scale shading indicates
the magnitude of the estimated activation levels; whereby, darker colours denote stronger con-
traction. The colour spectrum represents the values of the objective function; whereby, warmer
colours indicate a closer match of the model with the given experimental data. The test includes
genioglossus (gg), hyoglossus (h), mylohyoid (m), styloglossus (s), superior longitudinalis(sl),
transversus (t) and verticalis (v) muscles.
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Case study III: Testing of the combination of hyoglossus, mylohyoid, styloglossus and

transversus muscles

The results from the previous two case studies indicated that the hyoglossus, mylohyoid, sty-
loglossus and transversus muscles may play important roles in the deformation of the tongue
during propulsion. In the following case study III, these four muscles were selected, and it was
tested if their co-activation could lead to a tongue deformation that fully matched the experi-

mental data listed in Table 6.1.

Results: Table 6.7 show the optimal activation levels for the 4 muscle groups. Table 6.8 shows
the regional axial strain with the hyoglossus, mylohyoid, styloglossus and transversus muscles
activated at the optimal level. The resulting tongue deformation shows a better match with Na-
padow’s experimental data compared to the results from case studies I and II. This is reflected
through a smaller value of the objective function (16.875). The NSDs of all regions were re-
duced compared to the previous case studies, which implies a better match to the experimental

data, however this improvement is rather insubstantial.

a f(&)
(O, O, O, 0) = (0.719,0.133,0.610,0.158)  16.825

Table 6.7: Parameter estimation results for case study III, testing of the combination of
hyoglossus (h), mylohyoid (m), styloglossus (s) and transversus (t) muscles. The optimal acti-
vation levels (&) indicate that all four muscle groups were active, and this reduced the objective
function value (f1(@&)) compared to the previous case studies.

Region1 NSD Region2 NSD Region3 NSD Region4 NSD

AP -0.057 17723 0.009 0.685 0.016 3494 0.077 0.308
SI 0.112 0436 0.007 0458 0.043 1.099 -0.041 0.486

Table 6.8: The average axial strains in the four regions of the deformed tongue model obtained
obtained using the optimal values of (ay, @y, 0, 04) = (0.719,0.133,0.610,0.158). NSD:
number of standard deviations between the model predictions and experimental strain esti-
mates.
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6.4.2 Heterogeneous muscular activity

This subsection reports the testing results of the possible muscle combinations that involved

the heterogeneous muscular activities.

Heterogeneous activity of the transversus muscle

Section 4.2.2 shows an anatomical dissection that demonstrates that the orientations of the
transversus muscle fibres vary spatially. This histological image in Figure 4.4 shows that the
muscle fibres are oriented transversely in the anterior and central parts of the tongue body,
whereas the posterior fibres of transversus muscle shows a fan-shape arrangement toward the
posterior side. Based on the results from case studies I, II and III, and the anatomical features
of transversus muscle, it was hypothesised that the co-activation of the hyoglossus, mylohyoid
and styloglossus muscles in combination with a partial activation of the transversus muscle,
i.e. anterior and middle parts corresponding to Regions 1 and 2, respectively, might be respon-
sible for the tongue deformation during propulsion of dry swallowing. In the following case

studies, this hypothesis of heterogeneous muscular activity is tested.

Stone et al. [2004] reported that the tongue’s intrinsic muscles, i.e. the transversus and verticalis
muscles, may possess three functional muscular segments in the AP direction, suggesting the
possibility of heterogeneous muscle contraction. Very little attention has previously been drawn
on the precise definition of these functional segments. In the present study, the conceptual
ideas proposed by Stone et al. [2004] were adopted to define the functional segments of the
transversus muscle in the tongue model. Figure 6.5 illustrates the three functional segments,
i.e., anterior (yellow), middle (red) and posterior (blue) segments, defined in the present FE

model.

In order to test the hypothesis of heterogeneous muscular activity during propulsion, only the
anterior and middle segments of the transversus muscle are simultaneously activated, while the
posterior part is kept in a resting state. Note, the activation levels in the anterior and middle

parts of the transversus muscle are assumed to have the same magnitude. More precisely, the
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activation level parameters of the transversus muscle in these two regions are continued to be

equal, while the posterior segment (blue region) is kept in a zero activation state for all tests.
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Figure 6.5: The Gauss points associated with the functional segments of the transversus muscle,
highlighted in yellow (anterior), red (middle) and blue (posterior). The functional segments
were defined in accordance with the reported observations by Stone et al. [2004].

Heterogeneous activity of the genioglossus muscle

The genioglossus muscle has a fan-shaped fibre arrangement in the mid-sagittal plane of the
tongue. This muscle has been modelled as at least two subdivisions in many previous tongue
modelling works, e.g. Perkell [1974], Hashimoto and Suga [1986], Wilhelms-Tricarico [1995],
Payan and Perrier [1997], Sanguineti et al. [1997], Dang and Honda [2004] and Buchaillard
et al. [2009]. Those subdivisions allowed the models to have more flexibility to produce com-
plex deformations in studies of speech production. However, the definitions of boundaries of
those subdivisions were not clearly defined. In order to investigate the possibility of hetero-
geneous muscle activation, the genioglossus muscle was divided as two functional segments,
i.e. anterior and posterior, in accordance with Wilhelms-Tricarico [2005]’s definitions, as illus-

trated in Figure 6.6.
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(a) Genioglossus anterior (b) Genioglossus posterior

Figure 6.6: The spatial definitions of the genioglossus anterior (red) and genioglossus posterior
(blue). These functional segments were defined in accordance with the original digitization by
Wilhelms-Tricarico [1995].

o f(&)
(s, Partial 1) = (1.295,1.26) 13.866

Table 6.9: Parameter estimation results for case study IV, combined muscle activation of
styloglossus (s) and anterior and middle parts of transversus (Partial t) muscles.

Case study IV: Testing of the combination of styloglossus and partial transversus muscles

In this case, Napadow’s hypothesis is retested using only a partially activated transversus mus-

cle, i.e. the anterior and middle parts of the tongue.

Results: Table 6.9 shows the optimal activation levels for the styloglossus and transversus
muscles with the corresponding minimum values of the objective function. Compared with
homogenous activation in case study I (Table 6.3), the value of the objective function is slightly

reduced (13.866) with the activation (o, o) = (1.295,1.26).

Table 6.10 presents the results for case study IV with (o, Partial o) = (1.295,1.26). The
NSDs in the AP and SI directions of Regions 1, 2 and 3 indicate smaller differences to the
experimental data compared to homogeneous activation in case study I. The heterogeneous,
higher activation of the transversus muscle compared to case study I lead to further deforma-

tion in the anterior and middle part of the transversus muscle, resulting in a closer prediction

150



of the experimental data by Napadow. Region 3 still presented with high NSDs in AP and SI
directions, that are 3.40 and 1.102 respectively. Clear indications are given that the heteroge-
neous contraction of the transversus muscle in the anterior and middle area strongly influences

the deformation of the tongue in Region 1 and 2.

Region1 NSD Region2 NSD Region3 NSD Region4 NSD

AP 0023 0209 0.075 0.128  0.020 3.40 0.056  0.178
SI 0.150 1.01 0.046  0.040 0.043 1.102  0.020  0.203

Table 6.10: The average axial strains in the four regions of the deformed tongue model obtained
using the optimal values of (o, Partial o) = (1.295,1.26). Partial o; represents the activation
levels of the anterior and middle functional segments of the transversus muscle, as defined in
Figure 6.5.

Case study V: Testing for heterogeneous activity of genioglossus muscle

The speech study by Maeda and Honda [1994] reported that co-activation of the genioglossus
posterior, hyoglossus and styloglossus muscles is known to be at the origin of tongue movement
in upward and front-back direction. Case study V tested whether this muscular combination

could improve the match to the data reported by Napadow.

Results: Table 6.11 presents the optimal levels of contractile stresses when activating genioglossus
posterior, hyoglossus and styloglossus. The genioglossus posterior muscle remained in an inac-
tive state (0Ogg, = 0), whereas the hyoglossus and styloglossus muscles reached high activation
levels. The objective function value at the optimal point (i.e. f(&) = 23) was not reduced
significantly compared with case study I'V. Table 6.12 shows the averages of axial strains in
regions and corresponding NSDs. The NSDs of the average axial strains in the regions 1, 2
and 3 (i.e. 2.891, 1.854 and 3.029, respectively) indicated large differences between the tongue

model predications and experimental data.
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a f(@)
(Olggp, O, 0ts) = (0.0,0.9,0.36) 23.00

Table 6.11: Parameter estimation results for case study VI: testing of the combination of
genioglossus posterior, hyoglossus, styloglossus muscles. The ggp, h and s on the left hand
side denote the genioglossus posterior, hyoglossus and styloglossus muscles, respectively.

Region1 NSD Region2 NSD Region3 NSD Region4 NSD

AP -0.119 2891 -0.085 1.854 0.037 3.029 0.039 0.579
SI 0.071 0.178 0.023  0.293  0.035 1.253  0.008  0.015

Table 6.12: The average axial strains in the four regions of the deformed tongue model obtained
using the optimal activation levels (Qgp, O, 06) = (0.0,0.9,0.36).

Case study VI: Testing of the combination of hyoglossus, mylohyoid, styloglossus and

partial transversus muscles

Case study VI is set up to find the optimal level of activation of hyoglossus, mylohyoid,
styloglossus and the anterior and middle parts of transversus muscles to best match the ex-
perimental data in Table 6.1. The same muscles had been activated in case study III, yet in a

homogeneous manner.

Results: Table 6.14 shows the optimal activation levels (o, ¢, ¢, Partial o) =(0.915,0.216,
0.353,0.637) of the regional average directional strains and the corresponding NSD. In general,
the values of the objective function at the optimal configuration were slightly reduced, with

f =11.104 (Table 6.13).

The NSDs in Region 1 and 2 are slightly reduced to a level below 1 compared to the case
studies I, II and IIII, see Table 6.14. In Region 3, the average strain in the AP direction is
reduced to 2.756 which is smaller than the corresponding values of 3.956, 3.578 and 3.494 in
the case studies I, II and III, respectively. The average strain in the SI direction in Region 3
remain at a similar level of mismatch compared to previous solutions, with a NSD of 1.240
compared to all previous optimal solutions. Furthermore, in Region 4, the differences between
the experimental data and the average strains in the AP and SI direction are higher compared to

the other case studies (a higher NSD, 1.045 in the AP direction, 1.638 in the SI direction). In
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a f(@)
(0, O, Qis, Partial o) = (0.915,0.216,0.353,0.637) 11.104

Table 6.13: Parameter estimation results for case study VI: testing of the combination of
hyoglossus, mylohyoid, styloglossusand partial transversus muscles. The /4, m and s on the
left hand side denote the hyoglossus, mylohyoid and styloglossus muscles, respectively. The
partial 7 represents the anterior and middle functional segments of transversus muscle.

Region1 NSD Region2 NSD Region3 NSD Region4 NSD

AP 0.008 0491 0.058 0.086 0.049 2756 0.082  0.409
SI 0.116 0493 0.021 0312 0.036 1.240 -0.056 1.103

Table 6.14: The average axial strains in the four regions of the deformed tongue model obtained
using the optimal activation levels (o, 0y,, i, Partial o) = (0.9149,0.2163,0.3533,0.6373).
Partial oy represents the activation level in the anterior and middle functional segments of the
transversus muscle, as shown in Figure 6.5.

short, the results from case study VI show the best match to the experimental data in Table 6.1
compared with the other case studies, with smaller values obtained for the objective function

and the NSDs in most regions of the tongue.

6.5 Discussion

Napadow’s hypothses

Case study I aimed at testing the combinations of muscle activation during propulsion in dry
swallowing as proposed by Napadow et al. [1999b]. The results of case study I suggest to reject
the proposed combinations involving the intrinsic muscles, interleaving with the styloglossus
muscle, as they could not produce expansions in the AP and SI directions in the posterior mid-
sagittal plane. Although the transversus and verticalis muscles were activated at low levels
(0.496 and 0.046 respectively) compared to the styloglossus muscle, the comparatively high
values of the objective function imply that these two muscles as they have been modelled in case
study I play minor role comparing with styloglossus muscle in reproducing the deformation
shown in Table 6.1. The regional average axial strains did not match the experimental data in

Table 6.1.
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Napadow et al. [1999b]’s hypotheses were based on the conventional knowledge of tongue
anatomy, whereby the transversus muscle is oriented in the lateral to the medial direction
throughout the entire tongue body and the arrangement of the verticalis muscle is along the
superior-inferior direction. In this context, it is natural to assume that stretching in the AP and
SI direction may be caused by the contraction of one of the interlaced muscles. However, more
recent data indicate a slightly different arrangement of the transversus muscle in the posterior
region of the tongue (see Section 4.2.2). These new data were incorporated into the tongue
model for the present studies. The observed arrangement of the transversus muscle can only
cause a negative axial strain in AP direction. In other words, the present tongue model cannot
produce stretching in the AP and SI directions by activating one of the intrinsic muscles in the

posterior region.

The anatomical dissection presented in Section 4.2.2 provides further evidence of the variations
in the local fibrous arrangement in the posterior region of the tongue. In Figure 4.4, the hori-
zontal imaging plane shows a fan-shaped fibrous arrangement in the posterior area, which may
comprise parts of the styloglossus and transversus muscles. In particular, the results from the
anatomical dissection in Section 4.2.2 indicate that the transversus muscle is distributed along
the length of the tongue and provides further evidence that its fibres cross over in the dorsal
plane towards the posterior region of the tongue and fan out across the posterior surface (Fig-
ure 4.4). Such details on fibre arrangement in the tongue have not been previously reported.
They do appear to offer support for the mathematical model of tongue function in the present
study (see Figure 4.3 and 4.4); and potentially explain the negative axial strain in AP direction,

resulting from the co-contraction of the styloglossus and transversus muscles in case study 1.

Homogeneous muscular activities

A primary aim of this work was to determine the muscle (or muscles) that can achieve the
propulsion of the tongue by matching Napadow’s experimental data. In the scope of case study
II, 35 combinations of three muscles were tested using the same inverse procedure and objective

function as for case study I. The resulting values of the objective function f at the optimal acti-
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vation levels (shown in Figure 6.4) were remained relatively unchanged values, if compared to
the initial value. This implied that the objective function over the defined parameter domain is
comparatively flat. The numerical behaviour of f caused the searching algorithm to stop when
the numerical tolerance of the optimisation procedure was reached. This could explain why the
resulting activation levels for some muscles were only slightly larger than zero. However, it
could also mean that the activation of those muscles did not directly influence the strain values
in the four regions of the tongue model. In any case, several initial estimates were chosen to

ensure the global minimum (i.e. best match) was obtained.

Some general patterns could be identified based on the results of case study II. Although
the muscle combination of the hyoglossus, mylohyoid and transversus muscles achieved the
smallest value of f if compared to all other cases (Figure 6.4), the hyoglossus, mylohyoid,
styloglossus and transversus muscles were shown to have the most dynamic roles in driving the
deformation observed in Table 6.1. The hyoglossus, mylohyoid and styloglossus muscles share
similar features in their fibre distributions. Firstly, all muscles exhibit a left-to-right symme-
try; and secondly, the major proportion of these muscles are located outside of the mid-sagittal
plane. During model deformation, a non-zero activation level parameter triggers these mus-
cles to simultaneously contract on both sides. Thus, the regional deformation in the bilateral
area compresses the tissue towards the mid-sagittal area due to the incompressible nature of
the tissue. Felton et al. [2007] provided more comprehensive observations of tongue defor-
mation during swallowing based on multiple images from various angles. Felton et al. [2007]
concluded that the extrinsic muscle groups, i.e. the styloglossus, hyoglossus and mylohyoid
muscles, may be simultaneously activated to drive the posterior tongue deformation. More-
over, the tongue body deformation was considered to be due to the contractile stress from the

intrinsic core muscles (e.g. longitudinalis superior muscles).

None of the combinations of three muscles in case study II led to a model deformation that fully
matched the experimental data. However, hyoglossus, mylohyoid, styloglossus and transversus
muscles presented strong dynamical roles, i.e. highly variable activation levels, throughout the

analysis. Thus, case study III aimed at further investigating the combined activation of the
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hyoglossus, mylohyoid, styloglossus and transversus muscles (four parameters). It was demon-
strated that the additional contraction of the transversus muscle had a strong influence on the
deformation in Region 1 and 2, as shown in Table 6.8. However, its activation led to an op-
posite deformation in the posterior region compared to the experimental data in Table 6.1. It
was also noted that the deformation in the AP direction of Regions 1 and 2 did not match the

experimental data in Table 6.1.

Heterogeneous muscular activities

Due to the possible existence of functional segments previously reported by Stone et al. [2004],
we considered the partial activation of the transversus muscles in the anterior and middle part of
the tongue body. Thus, the transversus muscle was sub-divided into three functional segments,
which were partially activated in the anterior and middle regions in case studies IV and VI. In
other words, a heterogeneous contraction pattern was introduced into the intrinsic muscles in

the current modelling framework.

The estimated activation levels of the combination of the partial transversus and styloglossus
muscles led to a slightly improved optimal solution, i.e. f (o, Partial o) = 13.866 compared
with the homogeneous activation in case study I (f((0,04)) = 19.9). These results provided
some suggestions for the involvement of only the anterior and middle part of the transversus
muscle. The additional activation of the hyoglossus and mylohyoid muscles in case study VI
led to a further reduction of the NSDs in the AP direction compared to the NSDs of the optimal
configuration in the case study I, II and III. Although Region 4 (inferior region) showed a larger
NSD, the NSDs in all other directions of the four regions were slightly lower and were more
balanced for case study VI. In fact, the smallest NSDs for all case studies were obtained in the
AP and SI directions of Region 3 for the muscle combination in case study VI, indicating a best

match to the experimental data (Table 6.1).

The results from case studies IV and VI are consistent with the notion that the transversus

muscle may possess multiple functional segments which enable regional contractions, for in-
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stance, in the anterior and middle part of the tongue during propulsion of dry swallowing. Case
study VI provides further evidence that the combined activation of hyoglossus, mylohyoid and
styloglossus with partial activation of the transversus muscle can produce a deformation that
matches the experimental data reported by Napadow et al. [1999b]. However, the definition of
functional segments in the present study was based on a visual observation of an illustration
in the literature due to a lack of previously reported data. Thus, the spatial distribution of the
functional segments might be inaccurate, requiring further quantitative identification through
anatomical dissections in future work. Comparing the results of case study IV with case study
VI, it is clear that the values of the objective function were only slightly reduced. This might
suggest that the transversus and styloglossus muscles play major roles in propulsion, while the
hyoglossus and mylohyoid muscles merely make minor contributions to the overall deforma-

tion.

In case study V, the genioglossus posterior part was in an inactive state. This is consistent with
the data showed in case Il for which the activation levels of genioglossus muscle in all combi-
nations were zeros. It can be explained by its fan shape fibre arrangements on the mid-sagittal
plane of the tongue. The contraction of such fibrous arrangement could only produce negative
axial strains in AP and SI directions. That, however, is contrary to the Napadow’s data - the
positive strains in the AP and the SI direction, as shown in Table 6.1. The genioglossus mus-
cle thus remains in an inactive state, rather than contributing to the objective function through

contraction.

Moreover, the estimated results in the case study V can be further interpreted as an evidence that
the experimentally observed motion (i.e. displacement with respective the global coordinate
system) is not representative of the strains. In other words, in the context of tongue related
motion/deformation study, strain is a more typical quantity of the local material deformation,
whereas the displacement is a consequence of the overall deformation. Thus, the motion from
experiments, i.e. displacement, has to be re-interpreted as a synergistic consequence of multi-

fibre co-contraction, rather than an indication of a particular fibre activity.
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Further improvements

None of the estimated results in any of case studies completely matched the experimental data
in Table 6.1, which is likely due to a combination of limitations in modelling, study design and
experimental data. Limitations of the tongue modelling framework include approximations
of the constitutive behaviours of the tissue and insufficient anatomical information. It was
assumed that that various muscle fibres of the tongue model share the same material properties,
e.g., the material constants of ground matrix. This assumption ignores possible differences
in passive material response amongst tongue muscles, which could influence individual fibre
performance. In short, the passive response was assumed to be the same, although this is

probably a reasonable assumption.

Second, there is a clear need for further inverse testing, comprising more comprehensive com-
putational experiments which incorporate more muscle fibres and additional functional seg-
ments in other muscle families. In the current study, the influence of only 7 muscles was
investigated. However, the tongue deformation during propulsion might be due to active stress
contributions from further muscles. Hence, more muscles would need to be introduced into the
inverse problem, thereby raising the number of estimated muscle activation levels. Unfortu-
nately, an increasing number of estimated parameters will raise the computational complexity
to evaluate the objective function, the gradient vector and the Hessian matrix. Hence, a new
computational technique, which improves the overall performance of solving the model de-
formation, would need to be developed. In addition, the boundaries between subdivisions,
e.g. genioglossus anterior and posterior, remain unclear throughout literatures. In this disser-
tation, due to a lack of clear definitions of boundaries of anterior and posterior portions, the
genioglossus anterior and posterior were defined using Wilhelms-Tricarico [2005] definitions
that were based on observation of the muscle fibre; the transversus muscle was divided due
to the fibre orientation. The definitions of those subdivisions in both muscles were not based
on experimentally obtained data. In order to improve understanding of subdivisions of each
muscle in swallowing, e.g. genioglossus muscle, a future research on geometric definitions of

subdivisions needs to be investigated. Each segment can be then treated independently in the
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improved tongue model, and their roles can be re-assessed subsequently.

Third, the objective function f may not be able to fully capture the differences between the
model output and the actual tongue deformation. Deformations are likely to occur in regions
other than the mid-sagittal plane, e.g., the lateral side (tongue edge). However, such deforma-
tions were not taken into account due to the lack of imaging data. For instance, the deforma-
tions of the tongue in the frontal and transverse plane, as observed by Felton et al. [2007], may
give more detailed indications of the muscle involvement during propulsion in dry swallowing.
The tongue deformation during propulsion is complex due to the sophisticated, spatially vary-
ing fibre orientation and distribution of the tongue muscles. In order to fully understand the
mechanism of tongue deformation during the propulsive phase of swallowing, richer data sets,
e.g. the strain data from images with multiple angles, need to be incorporated into the present

modelling framework.

6.6 Summary

In this chapter, the inverse modelling approach was applied to estimate the muscular activity
during propulsion of dry swallowing using the strain data reported in the literature [Napadow
et al., 1999b]. A series of strategies were introduced to improve the overall performance of the
parameter estimation procedure, including the warm start technique and a sampling strategy.
With the help of the new computational framework, Napadow’s hypothesized muscle combi-
nations were tested (2 parameters). Furthermore, the resulting deformations from all possible
combinations of 3 muscles, and a combination of hyoglossus, mylohyoid, styloglossus and
transversus muscles (4 parameters), were compared with the experimental data. Although the
modelling predictions did not fully match the experimental data, the model output still pro-
vided useful new insights into the possible mechanism of tongue propulsion under the condi-
tion of dry swallowing. Finally, the output from the combined, heterogeneous activation of the
hyoglossus, mylohyoid, styloglossus and anterior-middle part of the transversus muscle was

compared with the experimental data. The final results suggest that the hyoglossus, mylohyoid,
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styloglossus and anterior-middle part of the transversus muscle are very likely involved as the
major driving forces producing the deformation of the tongue during propulsion as reported in

Napadow et al. [1999b].
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Chapter 7

Conclusion and future research

7.1 Summary

Investigating of the relationship between tongue function and its complex structural muscle
arrangements remain challenging due to the comparatively small size of the tongue and limited
visibility using conventional measurement techniques. The aim of the present research was the
development of an anatomically-realistic, physiologically-driven computational model of the

tongue to provide a method for investigating tongue mechanics.

The tongue model was built using the FEM technique in continuum mechanics together with
anatomical data of the tongue from the Visible Human image set. The modelling framework
consisted of two major parts, a geometrical model and a computational mechanics model. The
geometrical FE model provided a mathematical description of the tongue’s shape and interior
fibrous architecture using standard spline interpolation of the image data; while the compu-
tational mechanics model comprised a description of the mechanical tissue behaviour based
on the principles of continuum mechanics. According to the theory of classical mechanics,
the deformation of the tongue model is driven by active muscle contraction and reached an

equilibrium state once the balance of the internal and external stresses is satisfied.

The stress state of the tongue was modelled at any spatial point in the model as the sum of
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stresses from two local tissue constituents, that are the ground matrix and the muscle fibres.
Based on experimental results from the literature, all constituents were considered to be hy-
perelastic materials, with any current deformation being independent of the deformation his-
tory. The contractile stress from each fibre family was modelled as an additional reinforced
stress component along fibre direction, which was scaled by an activation level parameter. An
anatomical model of the upper palate, and contact boundary conditions between the tongue
and the upper bony structures, were added to simulate tongue deformation due to contact. In
summary, the tongue model combined anatomical image data, realistic material properties,
physiologically-based deformation mechanisms and realistic boundary conditions to simulate

tongue deformation due to muscle contraction.

Measurements of kinematic motion generally comprise the quantification of two parameters:
strain and displacement. In speech research, the EMA system allows to capture facial expres-
sions or tongue motion by tracking the coordinates and displacements of a cluster of motion
sensors. In the present study, it was demonstrated that a computational model of the tongue
can aid in determining the placement of motion tracking sensors for EMA measurements. The
results of an inverse test showed that an optimised design of sensor placement can significantly

improve the identification of tongue deformation under machine inherent noisy conditions.

The aim of the motion sensor optimization was to find the cluster of sensors which are most sen-
sitive to displacement with respect to varying muscle activation levels in quasi-static conditions,
and subsequently, derive a particular tongue configuration based on the identified sensors. In
other words, the optimization procedure seeked a combination of sensor locations that achieved
the best identification of the muscle activation levels using the displacement information (the
Fisher information matrix). Even though the collected spatial information was affected by ma-
chine inherent noise, the optimised sensor scheme achieved more reliable results in capturing

the actual tongue configuration compared to other schemes.

The quality of sensor array placement is tested using the inverse problem formulation to derive
the muscle activity levels based on the given displacement data. In other words, the derivation

of muscle activity levels was transformed into a parameter estimation problem using the tongue
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model as function of the given kinematic data (e.g. strain and displacement) with the activation
levels of different muscles as input variables. The results from the inverse problem formulation
revealed the potential application of the tongue model in deriving muscle activation levels using
a limited number of material points (i.e. sensors). The anatomically-realistic mechanical tongue
model, in combination with a few material points, led to a vastly simplified experimental set-up

to estimate the contractile properties of tongue muscles.

To better understand muscle activity of the tongue during swallowing, the inverse problem
formulation was applied to strain data reported in the literature. A warm start technique was
implemented into the modelling framework to improve the computational efficiency and deal
with the large computational task. Based on the improved inverse problem framework and
given strain data from the literature, the influence of different combinations of muscles on
tongue deformation during propulsion in dry swallowing was analysed. Based on the computa-
tional experiments, the empirical conclusion of muscular activities based on classical anatomi-
cal knowledge (i.e. styloglossus, transversus and verticalis muscles proposed by Napadow et al.
[1999b]) seemed unlikely to drive the propulsive deformation of the tongue during dry swallow-
ing. Following these results, more comprehensive tests with 3 and 4 muscles, were conducted.
However, none of the tests with homogeneous muscle activation could achieve a tongue defor-

mation that fully matched with the reported data.

The resulting muscle activity levels from the initial computational experiments suggested that
the propulsive deformation of the tongue is likely driven by the simultaneous activation of the
hyoglossus, mylohyoid and styloglossus muscles, with a partial activation of the transversus
muscle in the anterior and middle parts of the tongue. Thus, further computational experiments
were carried out to test the hypothesis of heterogeneous muscle activation during propulsion
of dry swallowing, i.e. a combination of styloglossus and anterior and middle parts of the
transversus and a combination of the hyoglossus, mylohyoid, styloglossus and anterior and
middle parts of the transversus, respectively. Compared to the initial testing with homogeneous
muscle activation (i.e. case studies I and IV), the model’s predictions in case of heterogeneous

activation of the transversus muscle resulted in a slightly better match with the experimental
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data reported by Napadow et al. [1999b]. This was seen by the decreased values of the objective

function and the NSDs in most regions of the tongue.

The present research provides the first attempt to quantitatively explain the mechanism of
tongue propulsion using a computational tongue model and existing experimental data reported
in the literature. The inverse problem formulation, and conclusions drawn from the model-
based estimations, help to better understand tongue muscle activities in the propulsive phase of
dry swallowing. The present modelling framework provides quantitative means to analyse and
interpret image-based observations, which extend traditional observations based on medical

images.

In summary, the computational mechanical tongue model, developed in this work, shows a po-
tential application in studying the co-relation between the tongue’s fibrous structures and the
tongue body deformation. The computational experiments in the present work demonstrate
that the tongue model can be used to re-interpret experimental measurements based on mathe-
matical and mechanical modelling. Unlike empirical analyses based on experimental data, the
anatomically-realistic tongue model, in combination with the parameter estimation scheme and
experimental strain data, provide new means to reveal the muscle activities of the tongue in a

quantitative manner.

7.2 Original contributions and implications

The primary scientific contributions, made through this project, are:

* An anatomically-based, mechanics-driven FE model of the tongue was developed. A
multi-fibre reinforced, hyperelastic constitutive equation was coupled with the geometric
model of the tongue to accurately capture the material properties of the tongue tissue
(i.e. mechanical behaviour). The active contractile properties of muscle fibres were in-
corporated as additional stress parameters in the continuum mechanics formulation. Each

muscle group of the tongue model can be independently activated to explore the resulting
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deformation of various muscle combinations.

* The most robust motion sensor locations for EMA measurements of tongue retraction
and elongation under noisy conditions were successfully identified using a sample of

deformation modes based on the forward problem method.

* The general application of the anatomically-realistic tongue model in estimating mus-
cular activity using only a limited number of measured spatial points was demonstrated

based on the results from the model-based sensor optimization.

* The tongue model was used to identify and quantify the muscular activities during propul-
sion of dry swallowing. For the first time, a mathematical model was introduced into
swallowing research to better understand the roles of various tongue muscles and quan-

tify their activation levels based on measured strain data.

7.3 Limitations and future research

Based on the current progress and remaining limitations in modelling tongue mechanics, future

research may be directed towards the following:

The tongue model

Several areas of the geometric tongue model can be improved. First, the surrounding bony
structures, i.e. the mandibular, the teeth on the lower jaw and the hyoid bone, could further be
incorporated into the modelling framework. The posterior bottom of the tongue is attached to
the hyoid bone, which moves due to the contraction of tongue muscles. The tongue also inter-
acts with the oral cavity floor, which is composed of various types of soft tissue. The interaction
of the tongue with the hyoid bone and the oral cavity floor is expected to influence the tongue
deformation, and thus, the modelling results. This may not be so important for propulsion, but

may be more important for other tongue functions. Modelling the distribution and orientations
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of the palatoglossus muscle may be required. This would enhance the boundary conditions in

the upper posterior side of model such that these areas shall be freely moveable and deformable.

The current geometric model of the tongue is based on the Visible Human image data, and
merely represents the anatomy of a female cadaver. As such, the geometric model does not
reflect anatomical differences amongst individuals. Future research should aim to develop a
customised model using population-based anatomical data, which enables the incorporation of

statistically significant features of the shape and interior fibrous structure of the tongue.

The constitutive equation, implemented into the current modelling framework, can further be
improved. In reality, muscle fibres are 3D cylindrical objects. However, the constitutive equa-
tion in the present work only captured the stress contribution along fibre direction (1D). The
mechanical characteristics in the other two directions, which are orthogonal to the fibre direc-
tion in the context of stress sensors, were not taken into account. The 3D contractile properties
of muscle fibres might significantly influence tissue deformation. Further experimental studies
and an extension of the constitutive equations are necessary to investigate the influence of 3D

muscle fibre contraction on tongue deformation.

Further validation of the model’s accuracy is crucial for future development. To verify the ro-
bustness and accuracy of the model’s predications, experimental measurements of the tongue’s
movement and corresponding stresses are needed. Novel validation techniques, including a
combination of experimental measurements and computational modelling methods, should be

developed in future work.

The inverse problem

The framework of the inverse problem can further be improved in two areas: (1) the choice
of objective function and (2) the procedure for evaluating the model deformation. In the cur-
rent inverse framework, the difference between the modelling results (nodal displacements)
and given kinematic data is minimised. In order to improve the objective function, it is further

necessary to investigate the most sensitive kinematic and kinetic quantities (i.e., strain, dis-
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placement, energy expenditure, total system energy) with regards to varying activation levels.
Future research may instead focus on combining minimising the total of energy and the total
displacement error. A challenge task is to determine the appropriate mathematical representa-
tions and weightings of these two elements of the objective function. That could be achieved

using the sum of a normalized global amount energy and a normalized displacement error term.

In the scope of the inverse problem formulation, the tongue model is treated as an independent
function that, for any target level of muscle activation, returns the corresponding model defor-
mation. Thereby, the tongue model has to be deformed in each iterative step. Thus, most of the
time is consumed to solve for the deformation of the FE model. The complexity of the problem,
including the computation time, significantly raises with an increasing number of identification
parameters (i.e. activation level parameter o for each fibre group). Recent developments of the
so-called reduced basis method could lead to a close solution compared to the target configura-
tion without solving the actual FE system [Prudhomme et al., 2002, Ito and Ravindran, 1998];
and thus, reduce the required computational costs. Future investigation and implementation of
the reduced basis method for solving the tongue model deformation could benefit the overall

efficiency of the inverse procedure.

Sensor optimization

The current algorithm of sensor placement optimization may lead to high computational costs
when a higher number of candidate locations is required. Increasing the number of candidates
will raise the total number of possible combinations, and thus, the number of comparisons be-
tween combinations. One strategy to reduce the computational costs is to study the correlation
between different selections of single sensors and groups of sensors, respectively. Through
studying the individual contribution of each sensor, a sub-optimal solution for the optimal sen-

sor array placement can be obtained.

The verification of sensor robustness to machine noise is based on computerized simulation in

the current work. Future investigations could be directed towards introducing more practical
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conditions into the optimizing procedure, e.g. the accessibility of the potential sensor locations,

and experimentally testing the optimal solutions with the EMA system.

Other applications

The multi-fibre reinforced hyperelastic constitutive equation could be applied to model other
biological soft tissues, such as the arm of cephalopods which shares a similar fibrous structure
to the tongue. Improved understanding of the mechanical behaviour of these biological tissues
could potentially benefit industrial activities in robotics. For instance, Trivedi et al. [2008],
Walker et al. [2005] developed a soft continuum robot arm inspired by cephalopods. The soft
manipulator is an advancement to conventional rigid robotic arms, which are governed by the
theory of rigid body motion. Walker et al. [2005]’s robotic arm is soft and can perform de-
formations similar to an actual octopus arm. The present constitutive equations and modelling
framework could be applied to robotics development for improved mechanical design and con-

trolling system in future work.

The application of the tongue model to sensor placement optimization further demonstrates the
possible future application to model-aided instrumentation design. A recent trend in human-
computer interface research is the use of tongue motion to control the equipment through a
tongue-computer interface. For instance, Struijk [2006] used an inductive pointing device,
which measured the tongue-hard palate contact force at various locations, to assist disabled
people in controlling a wheel chair. For such applications, the tongue plays a unique role as
a controlling instance similar to that of a human hand. The tongue model, presented in the
current work, may be applied to improve the development of such controlling devices in the

future, for instance, through a more ergonomical design according to tongue mechanics.
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Appendix A

Subject-specific modelling of the tongue

The FE tongue model, developed in Chapter 4, is based on a subset of the female Visible Hu-
man images (VH tongue model). The model may be less accurate when applied to another
subject to make movement predictions (i.e., strain, displacement) due to subject-specific vari-
ations in muscle fibre arrangements and tongue shape. Therefore, subject-specific modelling
of the tongue becomes important when the tongue model is aimed to be applied to subject-
specific analysis of tongue mechanics, such as the estimation of muscle activation levels based

on inverse modelling.

The shape and internal fibrous structure of the tongue are subject dependent. In a common
subject-specific modelling procedure, individual data of the tongue shape and complex internal
fibre arrangements need to be acquired for each subject through manual or automatic digitisa-
tion of image data. Identification of directions and composition weights (volume fraction) of
various fibres would add further work to the model setup. Hence, the development of an auto-
matic or semi-automatic method for generating customised tongue models becomes a crucial

step towards applying the VH tongue model to subject-specific measurements.

Customising the shape of a muscular organ and its fibre arrangements based on a template FE
model is a challenging task. In this research, subject-specific muscle arrangements within the

tongue are considered to share a topological similarity, and thus, the individual geometrical
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shape can be approximated by using a generic model with finite steps of transformation. A
technique for customising the generic VH tongue model to subject-specific tongue shape and
fibrous arrangement is proposed here. It can be divided into three steps: (1) original data regis-
tration (Section A.2), (2) customised geometrical modelling (Section A.3) and (3) topological
mapping of the fibrous structures (Section A.4). The method is demonstrated using MRI data

from a male subject described in Section A.1.

A.1 MR images of the tongue

Subject-specific data was obtained through manual digitisation of a set of MR images acquired
by Watson et al. [2009] for a study of analysing the vocal tract shape during the subject’s
pronunciation of vowels in New Zealand English. Images were obtained for the vowels i: a: o:

e: and the resting position.

The subject, a 45 year old male, was in a supine position with his head supported to prevent
movement throughout the scanning process. The MR images were acquired on a 1.5T Siemens
Magnetom Avanto MRI scanner. The scanning was carried out parallel to the sagittal plane
in medial-lateral direction. A total of 160 images slices with a voxel resolution of 1 mm X
I mm x 1 mm were taken in the resting position. To reconstruct the 3D vocal track shape
in reading vowels, the subject had to maintain a sustained production of each vowel for the
entire MRI scan time of 21 seconds. The scanning parameters were: T1-weighted images, 7
mm slice thickness, no gaps between slices, a 200 x 250 mm field of view, 1600 ms repetition
time, 9.4 ms echo time, 1 mm resolution, 20 slices and a total scanning time of 21 seconds.
Figure A.1 shows on image in the mid-sagittal plane of the subject in the resting position.
Only the subject-specific images in the resting position were digitised and processed to build
the customised model in a configuration, which is as close to the reference configuration as

possible.
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Figure A.1: The mid-sagittal plane view of the MRI image set, obtained by Watson et al.
[2009].

A.2 Spatial data registration

The FE model based on the VH image data, developed in Chapter 4, is referred to as the generic
model. The MRI scanner defined a subject-specific coordinate system that was not aligned with
the spatial coordinate system of the generic tongue model. Furthermore, the width, height,
length and curvatures of the subject-specific tongue was significantly different from the generic
model. Figure A.2 shows a comparison between the VH tongue model and the data clouds
of the subject’s tongue. The aim of spatial data registration is to align the orientation of the
digitised data with the generic model and apply simple initial scaling techniques to the generic
model to ensure the model is sufficiently close to the given data. In other words, the aim is
to define a restricted Procrustes transformation between the subject-specific experimental data

and the VH tongue model to align the model with the data.

The outer surface of the generic model is approximated by surface data that is denoted as Pyoqe
for which Pyodel = {P1,P2,--+ , Py, ., } Where npmoeqer is the total number of data points. The
digitised data of the MR images is denoted as Pjy,ge, sharing the same structure as Pyge With
Nimage data points. Considering an ideal case that nyodel = Mimage, and P; of Pyoger 18 one-to-

one corresponding to the volume element in Pjp,ee, a transformation matrix Fregiseraton €an be
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introduced, such that

Pimage = Fregistratioanodel + Ttranslation» (A.1)

where Fregistration 18 the matrix product of the rotation transformation R and the stretch trans-
formation U. The rotation R is a 3 x 3 matrix in which R = R;(6;)R,(6,)R,(6,), where 6y, 6,
and 0, define the rotational angles for the axial rotation matrix R,, R, and R, with respect to

the X, y and z axis, respectively. The stretch transformation U is the diagonal matrix

}?.)
oS O

0
Ao 0|, (A2)
0

oS O
N>.>

where A,, A, and A, represent scaling factors in x, y and z directions. The definition of U in
Equation A.2 indicates an anisotropic scaling. The translation vector Tyngiation 1S the form
(T, Ty, T,)" representing the translational motion in x, y and z direction. Note that, all transfor-

mations introduced so far are with respect to the global coordinate system.

Equation A.1 is based on the assumptions that ny0del = Mimage and the surface mapping relation
between Pijyage and Pryodel 18 known. However, such a condition might never hold true in reality.
Thus, a searching function fieqc;, is introduced to find a subset of Ppoqer (denoted as Py 1)
as a set of nearest-neighbouring points to Pjy,0.. Consequently, a function of the total distance

between two sets of data can be formulated as a measure of their similarity, that is

Nimage
* 2
Eerror(Pimagevpmodel) = Z H Pz}image - Pi,model H ) (A.3)
i=1
where Pzimage = FregistrationPiyode; T Ttranslation- TO achieve the best match, the function Eepror

needs to be minimised, such that

min Eerror(9x79y79zlea)'yalz7Tx77;77%>v (A4)
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under the following conditions

0< 6, <271, 0< 6, <271, 0< 6. <2r;

Ay >0, A, >0, A, > 0. (A.5)

Once R, U and T;,4,54i0n are obtained, the generic model can be aligned with the digitised
data. Figure A.2 shows the initial state before registration, while the finial registration results
are shown in Figure A.3. The new configuration of the generic model is denoted as Qgeperic,1 t0
distinguish between other configurations (e.g. the reference configuration Qgeperic,0) obtained

throughout the customising process.

(a) (b)

Figure A.2: The relative positions and shapes between VH tongue model in the Qgeperic,0 con-
figuration and the subject-specific image data clouds (green dots), before alignment. Axes are
for reference purpose only.

A.3 Customising the geometrical model

The spatial data registration of the generic model in Qgeperic,0 leads to the transformed config-
uration Qgeneric,1, Which is approximately in line with the subject-specific experimental data.
However, the geometrical curves of the generic model still show large discrepancies with the

subject-specific data, as seen in Figure A.3. The face fitting method can be adopted to obtain a
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customised geometric configuration. However, due to the typical non-convex geometry of the
tongue, the direct orthogonal projection of data points in the scope of face fitting is very likely

to fail in the search for the ’correct” projection surface that follows the anatomical topology.

The face fitting method, as an optimisation procedure (see Bradley et al. [1997]), has a consider-
able chance of reaching a local minimum or saddle point, without guaranteeing that the global
minimum over the parameter domain (all degree of freedom of the FE model) is achieved.
Hence, face fitting may not lead to accurate subject-specific customisation in the case of the
tongue. Figure A.3 shows the projection of the digitised data (Pjyage) for the configuration
Qoeneric,1, and illustrates the error in the projection due to the mis-matched topological sur-
faces. For example, in the area of the tip, the image data on the superior surface of the tongue

are projected onto the inferior surface of the tongue model.

To reduce the chance of failure in the search for the global optimal configuration, an intermedi-

*

ate configuration qubject,

which is sufficiently close to the configuration Qysomised, 18 initially
derived using the so-called Host Mesh Fitting (HMF) technique. Subsequently, face fitting is
performed on the intermediate configuration to obtain the final solution Qystomised- The two

steps of the customising procedure are outline in the following in Section A.3.1 and A.3.2).

A.3.1 Host mesh fitting

The shape of the tongue is considered to be divided into several sub-domains in accordance with
the local curvatures. To capture local shape features, the HMF technique is adopted. The HMF
technique was proposed by Bradley et al. [1997]. For instance, Fernandez and Hunter [2005]
created a customised model of patello-femoral articulation for diagnostic purposes, and Cheng

et al. [2005] adopted the HMF method to model the human torso using ultrasound images.

The main purpose of the HMF procedure in the present work is to obtain an intermediate state,
i.e. better starting configuration for face fitting, rather than a final customised configuration
as reported in other studies. For HMF, the geometrical domain of the subject-specific data

(Qsubject) 1s divided into several parts, denoted as Q;’ubj et~ The generic model in configuration
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Figure A.3: Projection of Pexperimene Onto the outer surface of the tongue model in configuration
Qgeneric,1- The green dots are members of Pexperiment, the red arrows represent the projection
direction based on an orthogonal projection function. In the area of the tip, it can be seen
that the green dots from the superior surface of the subject-specific data are projected onto the
inferior side of the tongue model.
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Qgeneric,1 18 sub-divided into the same number of sub-domains, each of which matches topo-

logically to Q¢ Note that, the sub-domains of HMF, denoted with the superscript e, do

subject”

not refer to the finite elements of the generic VH tongue model, but rather comprise a coarse,

regional sub-division of the entire object domain.

Following the sub-division outlined above, a local transformation is defined such that

Fg . Q¢ generic,1 7 Qgenem » Where Qoeperic,2 i an approximation of € Theoretically, any

subject”

given X in Q¢ | shall be related to a corresponding position x in ¢ and thus, the

generic, subject’

transformation F¢. is formulated as F$. = 9%/ox. To approximate the transformation field %, a

U Q¢ In an ideal case,

so-called host mesh is defined which covers the domain of qubject generic-

the host mesh consists of a sufficient number of degrees of freedom to derive the one-to-one
transformation from the target points in Q¢

to the landmark points in Q¢ In practice,

generic subject”

a limited number of target and landmark points are selected from the digitised data and surface
points of the generic model. Note that the number of landmarks provides an upper bound on

the number of degrees of freedom for the host mesh.

The HMF method is an optimization procedure which seeks the optimal point achieved the
minimum or maximum of the objective function. In particular, the optimal mapping between

the target and the landmark points by minimising the differences in their spatial positions using

Z, x(8,) —x4]" [x(&4) — xa] + G(x(& ), %), (A.6)

where x(& ;) and x, are the landmark and corresponding target points, respectively, and D

indicates the number of target points within the spatial domain Q¢ Note that the landmark

subject*
points are given as functions of local host mesh coordinates & ;. Thus, x(& ;) can be updated
according to the deformed host mesh configuration, and subsequently, the geometrical nodal

parameters of the generic FE model in configuration Qgypject,1 can be updated by evaluating F7.

[Bradley et al., 1997].

A set of 6 landmarks and corresponding target points were selected. The subdivision of the

generic model (Qgeperic,1) Was in accordance with anatomical features, which contained a
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1
generic, 1

2
generic, |

tongue body part (Q ) and a tongue base (2 ) as illustrated in Figure A.4. Through
the HMF process, the configuration Qgeperic,2 (as shown in Figure A.5) was obtained. Config-
uration Qgeperic 2 Was used to derive the final configuration of the subject-specific model using

the face fitting technique as outlined in the following.

() (b)

Figure A.4: Host mesh, landmarks (green dots) and target points (red dots). The white dots are

the digitized imaging data points. The host mesh divides the tongue model, given in Qéeneric’l,

into two parts that are Q;eneriql (upper box) and Qéeneric’l (lower box).

A.3.2 Face fitting

In the second step of the customisation process, the face fitting technique is used to update
the nodal geometrical parameters, X,, including the coordinates and derivatives with respect to
the global reference coordinate system by minimising the projections of the data points onto
the surface of the model. Face fitting of the tongue model in the configuration Qgeperic 2 leads
to the configuration 2eeneric,3, Which is considered the optimal geometrical approximation of
Qgqubject- Figure A.6 illustrates the customised model after face fitting and the error projection

of the digitised data based on the condition of orthogonal projection.
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() (b)

Figure A.5: The deformed host mesh with the tongue model in configuration Qgeperic 2. The red
dots represent the target points; the green dots are the landmarks on the tongue in configuration
Qgeneric,1; and the golden dots are the landmarks in configuration Qgeperic2 after the HMF
process. The white arrows indicate the distance between the landmarks and the corresponding
target points, and the golden arrows indicate the distance after HMF.
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(@) (b)

Figure A.6: The subject-specific geometric tongue model. The red dots represent the actual
data points based on MRI images; the green arrows represent the projections of the data point
onto the model surface.

A.4 Mapping the fibre structure

The internal structure of the generic tongue model has to be redefined for any subject-specific
analysis. In an ideal case, the subject-specific arrangement of internal structures, including
fibre orientations and volume fractions (distributions), are obtained through direct experimental
measurements. However, the acquisition of such data for a subject in vivo remains challenging
using current measurement techniques. Thus, it is assumed that the internal structure of the
tongue muscles (the fibre orientation and distribution) are topologically similar across different
subjects. In other words, the relative difference between neighbouring points are preserved

while changes might occur in the overall spatial shape and orientation.

During the customisation process, the current configuration Qgeperic 3 18 obtained through a se-
ries of transformations on Qgeneric,0- For fibre mapping, we only focus on the rotational trans-
formation which is a path independent process, thus the intermediate rotation transformations
can be substituted by one overall rotational process Rr. At any position (i.e. X) of the model

in the current configuration Qgeperic,3, the local fibre orientation field (a vectorial quantity) has
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to be updated with respect to the customised shape; while the topological distribution of a par-
ticular muscle population remains constant under the transformation. The fibre directions at a

material point X can be transformed as

b(x(§°)) =Ry (X)a(X(§°)), (A.7)

where b(x(&¢)) denotes the deformed vector (i.e. updated fibre orientation) in the customized
model, and a(X(&°)) are the fibre directions at £€°. Since the condition of topological mapping
is adopted, the volume fraction of muscles will not change during deformation. Thus, the

volume fraction in the customised configuration can be derived from

di(x(§%)) = di(X(§°)). (A.8)

Figure A.7 shows the refitted fibre directions and distributions for the customised model.

A.5 Concluding remarks

A customisation technique was introduced to develop a subject-specific model of the tongue,
combining an initial registration process with the HMF technique and face fitting. The cus-
tomised model contains geometrical and interior structural features based on subject-specific

MRI data, which can be used for subject-specific analysis of tongue mechanics.
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Figure A.7: The subject-specific model with the fibrous structures. The subject-specific fibrous
structures were derived by mapping the interior architecture of the VH tongue model under the
assumption of topological similarity.
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Appendix B

Numerical validation of contact mechanics

with muscle activation

B.1 Introduction

The interaction between the tongue and the upper palate is caused by muscle contraction. When
one, or more, muscles contract, the shape of the tongue will simultaneously change and estab-
lish contact with the upper palate, or other soft tissue on the floor of the mouth. The consid-
eration of contact mechanics within the tongue model is complex, even more so if geometric

nonlinearity is added.

Solving the problem of contact mechanics between the tongue and the upper palate with mus-
cular activation is a challenging task. The resulting deformation of the tongue is solved using
a Newton iterative method that requires a near-solution initial guess. In other words, an incre-
mental solving path needs to be planned and implemented. The configuration at each interme-
diate stage (@) should benefit the next iterative step of the solving procedure (& + Aat). Each

iterative step has to be numerically stable and solvable.

Since the tongue tissue is idealised to be a hyperelastic material, and the contact interactions

are assumed to be frictionless, the deformation of the tongue is independent of the deformation
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path. In this study, a simple numerical validation procedure was set up to verify this theoretical

statement in a practical manner.

B.2 Method

Three strategies were introduced to solve the contact problem between bony structures and soft
tissue with highly nonlinear geometry, material properties and complex boundary conditions.

The following simulations are performed:

* First, a rigid-body object gradually approaches the soft tissue object. The size of contact
area slowly increases to the target contact size. Thereby, the pre-contact configuration
was derived by gradually increasing the contact area, with all muscles remaining in an
inactive state (¢ = 0). Subsequently, the deformation was obtained by gradually raising

the activation levels.

» Secondly, the deformation is solved by gradually increasing the contact stiffness param-
eter until it reaches the desired level. Equation 4.42 defines a linear relationship between
the geometric penetration and the contact stiffness parameter €y. It is obvious that, when
ey = 0, the contact force equals 0. By increasing &y, with gy remaining at a constant

value, the contact force will gradually increase.

* Thirdly, the deformation is initially derived for a specific &; followed by the application

of contact boundary.

B.3 Numerical experiment

A simplified numerical experiment of the contact between two cubes was conducted. One cube
was considered to be a rigid body, such as bone, and the other cube was assigned soft tissue

properties with embedded fibres, i.e. muscle, as shown in Figure B.1(a). In the resting state (the
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Case A Case B
RMS 3.7770 x 10~ 'kPa 4.1495 x 10~ "kPa

Table B.1: RMS of contact pressure of case A and B compared to case C.

reference configuration), the two cubes were tightly coupled to each other; though, without
mechanical interaction between the two objects. Upon muscle activation, the corresponding
tissue cube would self-contract, and due to the volume conservation, the superior surface of the
tissue cube would actively press against the rigid body cube. The deformation of the tissue at

maximal activation was derived using the three solution strategies as follows

* Case A: rigid cube was gradually lowered from the superior direction of the tissue cube,

while simultaneously increasing the activation level of the tissue cube.

* Case B: the contact stiffness parameter was gradually increased with increasing activation

level.

* Case C: the activation level was initially set to the maximum level, and then the rigid

cube was gradually lowered.

B.4 Results

Figure B.2 shows the contact pressure patterns using the three different solution strategies.
Table B.1 shows the RMS of the contact pressure of case A and B compared with case C. The
distributions of contact pressure in Figure B.2 show a close match in all three cases. The RMS
of case A and B compared with case C indicate a relatively small numerical difference. Thus,
the resultant deformations and contact patterns based on the three different solving strategies

can be considered to be the same up to same numerical tolerance.
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(a) The reference state (b) The deformed state of maximum muscle acti-
vation level

Figure B.1: Testing example for verifying different solving strategies of soft-tissue rigid body
contact with muscle activation. The upper cube is a none deformable rigid body; whereas, the
lower cube is a tissue block. The golden cones represent the embedded fibre direction within
tissue block. When activated, the tissue block will contact with the upper rigid cube, as shown
in Sub-Figure B.1(b).
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(a) Case A (b) Case B

(c) Case C (d) Spectrum, unit in kPa

Figure B.2: The contact pressure patterns based on three different solution procedure, i.e. case
A, B and C. The dots are the contact points, with the colors representing the magnitudes of
contact force at each contact point.
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B.5 Remarks

Three different solution strategies are deployed for the contact mechanical problem with muscle
contractions. The same results were obtained for the three solution procedures. Therefore, all
three solving procedures can be used to derive the resultant tongue deformation with tongue-
upper-palate interaction. These three solution strategies provide multiple choices for obtaining
the deformation due to the interaction to the upper palate. Hence, they gives more convenient
ways to deal with the instability that may occurred during the solution processing, and therefore

increases the chance to derive the solution of the deformation.

The solution procedures required a large amount of time to gradually increase the contact
loading steps. Reducing the computational costs was considered crucial for application to
the inverse problem analysis. In order to reduce the computational costs, the three solution
procedures were combined to obtain a pre-stretched state of the tongue. This intermediate con-
figuration was then used as initial configuration for deriving all other configurations which are

produced by the contractions of tongue muscles.
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Appendix C

Justification for mesh resolution

A fundamental principle of FE modelling is the use of a number of subdivided elements to
represent an actual physical object. The number of such subdivisions needs to ensure a math-
ematical representation that is close to the geometrical shape and mechanical behaviour of
the actual object. In other words, the subdivisions (the elements) need to allow the mechan-
ical quantities, e.g. the displacement, to converge to a stable level and remain constant with
changes in the number of elements. Therefore, a convergence analysis is required to ensure
that the model converges with increasing numbers of degrees of freedom (DOF). Note that,
the number of DOF needs to be sufficiently high for an accurate prediction, on the other hand,
the number of DOF also needs to maintain in a level which enables the inverse problem to be

solved in a reasonable amount of time.

For the convergence analysis, the original model, developed in Chapter 4, was compared to
a variety of refined tongue model with different mesh schemes by calculating the root mean
square (RMS) of the nodal positions between the refined and unrefined models, as well as the
relative RMS. The former metric quantified the RMS difference in predicted coordinate of the
nodes for the given levels of activation, the latter scaled the RMS with respect to the overall

deformation . The RMS difference was defined as

Z?:l HXReﬁned,i — XUnrefined, i H2
n

RMS =

(C.1)
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where i is the index of the node, n is the number of nodes in the original model (n = 120 in
the present original model); and Xefined,; 15 the position of i-th node predicted by the refined
mesh, and Xypefined,; 1S the corresponding i-th nodal coordinate in the original mesh scheme.
The relative RMS normalised the RMS with respect to the overall deformation, it was defined

as

relative RMS — \/21_1 || Refined,i Unrefined,i (C.2)

Yic1 nHXReﬁnedJ — Xreference,i ||2

where Xeference,i 18 the nodal coordinate in the reference state.

Four meshes were compared, including the original model and three models which were refined
along the &;, & and &;3 direction, respectively. For convenience, the three refined models are
labelled B, C and D, whilst the unrefined model is labelled as A. Figure C.1 presents the refined

models based on the original tongue model. All refined models share the same number of DOF

(5400).
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(a) Refining along &, model B (b) Refining along &>, model C (c) Refining along &3, model D

Figure C.1: The refined tongue models for the convergence analysis

Two tongue actions were chosen for comparison reasons, namely, retraction and elongation.
Simultaneous contractions of the transversus and styloglossus muscles during retraction are
thought to shift the tongue body backwards, while raising the centre dorsum up [Gilbert et al.,
2007]. Table C.1 shows the convergence analysis (RMS and relative RMS) comparing the four
mesh schemes during retraction when both reached full activation. RMS difference ranged

from 0.41 mm to 0.93 mm. However, with respect to the overall deformation, the relative
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Refine & (B) Refine & (C) Refine &; (D)

RMS 0.41 mm 0.93 mm 0.57 mm
Relative RMS 0.0679 0.1669 0.1017

Table C.1: RMS and relative RMS comparison of different mesh schemes for tongue retraction.
Note that each of the refined models had 5400 DOF.

RMS showed showed larger differences ranging from 0.07 to 0.17. The elongation of the
tongue body is driven by a co-contraction of the verticalis and transversus muscles. Table
C.2 presents the comparison of the four different mesh schemes for tongue elongation when
both muscles reached full activation state. Similar to the RMS results presented in the case of
tongue retraction, the RMS difference in the elongation varied approximately from 0.46 mm to

0.8 mm, although the relative RMS difference showed a range from 0.11 to 0.18.

Refine & (B) Refine & (C) Refine &; (D)

RMS 0.46 mm 0.8 mm 0.5 mm
Relative RMS 0.1116 0.1884 0.1238

Table C.2: RMS and relative RMS comparison of different mesh schemes during tongue elon-
gation. Note that all DOFs of refining &, & and &3 were 5400.

The results from the convergence analysis relied on the mesh schemes (the direction of re-
finement), as demonstrated in Table C.1 and C.2. In both cases, the range of RMS difference
maintained in a similar level that varied from 0.4 mm to 0.9 mm. However, the range of rela-
tive RMS difference crossed from 0.06 to 0.19. Recalling the model applications in this thesis,
the magnitude of sensor noise of Articulograhy AG500 was about 1.0 mm (Section 2.4); the
resolution of MR image in Napadow studies was 1.33 mm x 1.33 mm (Section 6.1); and the
resolution of MR image used in customizing tongue model was 1 mm X 1 mm (Appendix A).
Since the RMS difference showed a range slightly lower than 1 mm, the original model predi-
cated data could sufficiently be used to compare with the data from experiments and literatures,
although the comparison of the overall deformation (the relative RMS) showed larger differ-
ences. Moreover, the DOFs of the refined models were 5400, implying a longer solution time
for a deformed configuration based on given activation levels. The higher DOFs would give

rise to serious performance problems in case of an inverse problem analysis. In short, although
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the relative RMSs implied that the current model may need to be refined when comparing with
high resolution data, the original model is considered a sufficient geometric representation of

the actual tongue in terms of computational efficiency and accuracy for the current applications.
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Appendix D

Performance testing of the improved

inverse problem implementation

In Chapter 4.7, an improved solution procedure was introduced to reduce the computational
time for parameter estimation during the inverse problem analysis. The efficiency and robust-
ness of the inverse procedure (parameter estimation) was assessed using a bar model consisting
of four groups of fibres. It was expected that the improved solution procedure required less time

for the parameter estimation with the same reliability as the conventional solution strategy.

D.1 The bar model

A simple bar model, consisting of four groups of fibres as shown by Figure D.1, was built for
testing the efficiency and robustness of the improved solution procedure. The model had a total
of 32 tricubic Hermite elements with a total of 81 nodes. Four fibre families were embedded
within the model, and arranged parallel with the longest edge of the bar model. Each fibre
group occupied a quarter of the model, mainly concentrated near the longest edge of the model

and gradually disappearing towards the mid-sagittal and mid-axial planes.

193



II-‘..
ll-‘..

b

Erdiy
o
dr g
LIRS
[
Sy
By
Ly E
L
Bp
[ =
Begy
e
L'

LIS IR 3
(S 2

L
i
g Bl S

(a) Geometric model

(b) Interior fibrous structure

Figure D.1: The bar model used for testing the optimised inverse procedure. The red nodes in
Figure D.1(a) show the fixed nodes. The mirror cones with different colors in Figure D.1(b)
show the orientations of the four embedded fibre families and the lengths of the cones indicate

the local volume compositions.
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(b)

Figure D.2: The deformed bar model, activated by the red and blue fibre groups simultaneously
with the same magnitude. The red, white, blue and green mirror cones present the orientations
of the four fibre groups in the deformed configuration.
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D.2 Problem setting

Two computational experiments using (1) the improved solution procedure (A) and (2) a con-
ventional solution procedure were set up with the bar model for comparison purposes. Both
procedures were running on a parallel scheme to evaluate the gradient vector and the Hessian
matrix for the inverse parameter estimation. The first and second fibre groups were assumed
to be activated, resulting in a 2D parameter space (Q;, @ ). The model deformation state with

(o = 0.4, 00 = 0.4) was chosen as the sample reference configuration.

Procedures A and B were initiated with a set of 9 randomly chosen starting points in the space
of (a1, 0p). The similarity between the model and the reference configuration was evaluated
using

n
f(a) = Z H Xl}model(a) — Xj sample H7 (D.1)
i=1

where n is the number of nodes (32); and X; moder and X; sample are the i-th nodes within the model
and the given sample reference configuration, respectively. Subsequently, the optimisation
problem was formulated as

& = argminf(a), (D.2)

where @ € [0,1]* = [0,1] x [0,1] x [0, 1] x [0, 1]. Both procedures were tested on a standard PC
with Intel Xeon E5620 quad core processor. The clock speed of each core was 2.4 GHz with a

maximum turbo frequency of 2.66 GHz.

D.3 Results and conclusion

The improved version of the inverse procedure (procedure A) required a total of 75280 seconds
of wall clock time for computing the inverse problem with 9 different initial starting points. The
average computational time for each starting point was 8364 seconds. The standard version
of the inverse procedure (procedure B) required a total of 271600 seconds, with an average

computational time of 30177 seconds for each starting point. In short, procedure B required
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approximately 3.6 times more computation time compared to procedure A. Both procedures

showed the same reliability in their estimated results.
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