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Abstract

Title of Dissertation: STUDY OF HUMAN LARYNGEAL
MOTION THROUGH

MATHEMATICAL MODELING

Lei Zhang, Doctor of Philosophy, 1994

Dissertation directed by: Professor William S. Levine

Department of Electrical Engineering

The research presented in this dissertation concentrates on the motion of the
arytenoid cartilages of the human larynx. Quantitative measurement and analysis
was performed on the anatomy and motion of the cricoarytenoid joint. A dynamic
neuro-musculo-skeletal model which describes such motion was developed.

To quantify the joint geometry, a 3D digitization method was proposed and
implemented using a milling machine. This method was then applied to the digitiza-
tion of the cricoarytenoid joint surfaces. Using the joint surface data, an optimization
problem was formulated to locate the best feasible rotation axis for the joint. Rotating
around this axis results in a motion that is often referred to as the “rocking” motion
of the arytenoid. The 2D movement trajectory of the vocal process of the arytenoid
cartilage produced by rotating around this optimal axis is consistent with the exper-

imental data. A locally optimal vertical axis of rotation was also found. However,




this axis was offset from the cartilage, did not have as low a value of the performance
measure and a rotation around it did not match the experimental data.

A dynamic neuro-musculo-skeletal model of the human larynx was established
that includes the neural control input to the muscle (EMGs), the musculotendon
actuators, and the skeletal (cartilage) dynamics. This model concentrates on the
movements of the arytenoids. The motion at the cricothyroid joint is ignored and
the cricoarytenoid joint is treated as an ideal pin joint. The location of the joint axis
used in the model was determined by the optimization procedure mentioned above.
Four intrinsic laryngeal muscles (TA, PCA, LCA, IA) are included in the model. A
lowpass digital forward-backward Butterworth filter was designed to filter the rectified
muscle EMG to obtain a smoothed envelope which was used as the neural input to
the muscle model. The muscle and skeletal system parameters used in the model
were measured where possible or estimated based on experimental data on the human
larynx found in the literature. Computer simulation results have shown that the model
produces laryngeal motions consistent with recordings of similar gestures reported in

other studies.
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Chapter 1

Introduction

1.1 Motivation

Since the time of Ferrein (1741), who was the first to perform experiments with excised
human and animal larynges, our knowledge of the human larynx has been much im-
proved by information obtained along this line[110]. Considerable attention has been
given to studying and modeling the biomechanics of the phonatory function of the
human larynx, which is the vibration of the vocal folds. Little attention has been paid
to dynamic aspects of laryngeal movement and muscle actions during other laryngeal
gestures which require the active opening and closing of the vocal folds, such as: ef-
fort closure, swallowing, phonation onset and offset, etc. Over the past several years,
researchers at the Voice and Speech Section of the National Institute on Deafness
and Other Communication Disorders (NIDCD) have conducted numerous studies on
laryngeal muscle activation patterns in patients with vocal fold movement disorders
(vocal fold paralysis, adductor spasmodic dysphonia, abductor spasmodic dysphonia

and vocal fold tremor) as well as in normal controls[55,56,57,58]. Their results have




raised the need to model the dynamic inter-relationships between muscle forces and
laryngeal gestures. A dynamic model would allow researchers to predict the contribu-
tion of each individual muscle action to a laryngeal gesture, and estimate the limits
on muscle forces necessary for normal phonation, respiration and swallowing. As a
result, a better understanding of laryngeal motor control can be reached, followed by

new methods for treating patients with laryngeal motor control disorders.

Another motivation comes from the success of biomechanical studies of move-
ment. The mathematical models developed by researchers have played important
roles in gaining better understanding of how the central nervous system coordinates
limb movement in humans and animals[10,20,33,34,52,53,61,82,98,124]. In general, a
biomechanical model consists of three components: (1) a neural input representing the
stimulus, (2) a muscle model which converts the stimulus into force, and (3) a model of
the skeletal system to which the muscle forces are applied to produce movement. Many
different mathematical models have been proposed for mammalian muscle. There are
extremely simple models. Such models have generally been constructed to study very
specific biomechanical questions. An example of such a study is McMahon’s use of
simple springs to model human leg muscles in order to determine the ideal compliance
for a running track[67]. There are also extremely complex models which are intended
to incorporate all that is known about mammalian muscle and replicate its micro-
scopic behavior. Such models are generally intended for use in studying muscle itself.
An example is Wood’s model[119]. The class of model most practical for researchers
studying locomotion is of middling complexity[116]. The idea is to capture all that is

physiologically important about the macroscopic behavior of mammalian muscle in a



model that is computationally tractable. Tractability means that computer simulation
of movements involving several such muscles can be completed within reasonable time.
Most of these models are of Hill’s type[36]. A survey of muscle models of this type
can be found in [122]. Similar modeling and analysis approaches can be adapted to

the study of human laryngeal movement.

1.2 Objectives, Basic Approach and Contributions

A review of the literature shows the lack of research on the biomechanical aspects
of the the protective and respiratory functions of the human larynx. These functions
depend highly on the movements of the arytenoid cartilages. Therefore, understanding
the motion at the cricoarytenoid joints is a key. The lack of quantitative information
about the human larynx, especially in the areas of muscles, joints, and laryngeal
ligaments, is the primary reason that the biomechanics of the cricoarytenoid joint
is still uncertain. Although there were a couple of hypotheses on the motion of the
arytenoids, they have not been verified against experimental data. The objective of
the current research is to create a mathematical/computer model of the human larynx,
concentrating on the motion at the cricoarytenoid joints (non-phonatory functions),
based, where possible, on the reported data (of the joints, muscles, ligaments, etc.).
Due to the fact that the nuniber of muscles and rigid components (cartilages) of the
larynx is relatively small, it is feasible to develop a mathematical model of the larynx,
mathematically determine the motion of the model under precisely stated hypotheses
about the joints, the muscles, the ligaments, and any other structures believed relevant,

and display an animated picture of the motion on a computer terminal. This animated
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Figure 1.1: The structure diagram of the proposed model.

display will allow investigators to view the laryngeal motion in 3D from any viewpoint,
thus offering a great deal of intuitive and qualitative insight. Using the animated
display, the resulting motions of the mathematical models corresponding to different

hypotheses can be easily compared.

The system structure diagram of the proposed model is shown in Figure 1.1. It
consists of three parts: (1) skeletal model; (2) muscle model; and (3) ligament model.

In order to complete such model, the following work needs to be done:

Create a joint model for the cricoarytenoid joint.

Choose a muscle model and estimate muscle parameters.

Model the ligaments and other connective tissues.

Determine what to use as the control signal to drive the model.

Model simulation.

Our research work was concentrated on building such a model. The following



work has been done to achieve the goals:

1. Three dimensional digitizations were made of the cricoarytenoid joint surfaces.

2. Based on the joint surface data, the best motion axis was determined using an
optimization algorithm, assuming that the major motion at the cricoarytenoid

joint was a rotation motion.

3. The cricoarytenoid joint was modeled as an ideal pin joint having the optimal

rotation axis determined by the above optimization process.

4. A dynamical skeletal-musculotendon model of the larynx was developed which
includes the dynamics of the cartilages/joints and the dynamics of the musculo-

tendon actuators.

5. The parameters of the model were estimated based on experimental data found

in the literature or our own experiments.

6. The input signals that drive the model were taken to be the processed muscle
EMGs. Digital filters were designed to process the rectified EMG signals to

obtain the smoothed envelopes required by the muscle model.

7. Movement trajectories of the arytenoid produced by the model were projected
to the viewing plane of the observation and compared with the experimental

trajectories (collected by Selbie et al [93].).

8. 3D computer graphics software was developed on the IRIS to display the laryn-
geal cartilages (Selbie et al.[sel94.]), joint surfaces and animate the motion of the

arytenoids.




The contributions of this dissertation can be summarized as follows:

¢ A dynamical model of the human larynx was developed, which includes:

— Dynamics of the cartilages and joints;
— Dynamics of the musculotendon actuators;

— Passive elements such as ligaments;

¢ A 3D digitization technique was proposed and implemented using a milling ma-
chine. This method is suited for small, irregularly shaped objects with wet

surfaces (like the cartilage) for which many advanced techniques may fail.

e 3D digitization was performed on the entire joint surface of the cricoarytenoid

joint to obtain quantitative information about the joint anatomy.

e Using the joint surface data, the location of the best rotation axis for the joint was
determined by formulating and solving an optimization problem. The minimum
variation in distance between the two joint surfaces was used as the performance

objective.

e Digital forward-backward Butterworth filters were designed to process the rec-
tified muscle EMG signals to obtain the smoothed envelopes required by the

muscle model.

1.3 Organization

This dissertation is organized into six chapters. Chapter 2 contains the anatomical

and physiological information about the human larynx and a comprehensive survey of



previous research on human laryngeal movement.

Chapter 3, 4 and 5 contains the major work performed on building the model
shown in Figure 1.1. In Chapter 3, a 3D digitization technique used to obtain joint
surface measurements is described. Based on the measurement data, an optimization
problem was formulated to determine the optimal rotation axis for the cricoarytenoid
joint, assuming that the major motion at the joint is a rotation. The movement
trajectories of the arytenoid cartilage predicted by the optimization algorithm were

compared with experimental data (collected by Selbie et al [93].).

The muscle EMG signal processing techniques are investigated in Chapter 4.
Based on the processing requirements, forward-backward Butterworth digital filters
were designed and used to filter the rectified laryngeal muscle EMGs (collected by

Ludlow et al.) to obtain the smoothed envelope signals required by the muscle model.

In Chapter 5, a dynamical neuro-musculo-skeletal model of the human larynx
is developed. Parameters of the model were estimated based on previously published
experimental data on the human larynx and on the results of our own research. A
generic muscle model which was used previously in the study of human locomotion
was adapted in our study to model the laryngeal muscles. The cricoarytenoid joint
was modeled as an ideal one degree of freedom pin joint with the location of the joint
axis determined by the optimization procedure described in Chapter 3. The rectified
and smoothed muscle EMG signals obtained in Chapter 4 were used as the input

neuro-stimulus signals to the muscle model.

Finally, in Chapter 6, conclusions are given, and topics for future research are

discussed.




Chapter 2

Background

2.1 Introduction

The human larynx is the organ of voice and plays an important role in respiration and
swallowing. It is located at the upper part of the air-passage, between the trachea and
the base of the tongue. The skeletal structures of the human larynx consist of four
major cartilages: the thyroid, the cricoid and the paired arytenoids as shown in Figure
2.1. The four cartilages articulate through two pairs of joints: the cricothyroid joints
and the cricoarytenoid joints. There are nine intrinsic laryngeal muscles attached to
the four cartilages. These muscles control the movement of the larynx. They are
the cricothyroid (CT), the thyroarytenoid (TA), the posterior cricoarytenoid (PCA),
the lateral cricoarytenoid (LCA) and the interarytenoid (IA). As shown in Figure 2.2,
the interarytenoid is the only unpaired muscle in the larynx. Besides the muscles,
there are some ligaments and membranes attached to the cartilages as well. The most
important ligaments are the vocal ligaments (folds) which are attached to the vocal

processes of the arytenoid cartilages and extend anteriorly to the deep surface of the
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Figure 2.1: Laryngeal cartilages of the human larynx (from Fink[16])

thyroid angle. The movement of the arytenoids controls the opening and closing of

the vocal folds so that various laryngeal functions can be achieved.

The larynx serves three basic functions in humans. They are protection, res-
piration, and phonation[87]. The development of each of the functions is the result
of responses to evolutionary needs. Among the basic functions, the protective and
respiratory functions are sometimes considered to be the biological functions of the
larynx. Sound production is regarded as the nonbiological function of the larynx[126].
As a protective device of the lower respiratory tract, the larynx acts as a valve, it (1)
prevents air from escaping the lungs, (2) prevents foreign substances from entering
the lower respiratory tract, and (3) forcefully expels foreign substances which threaten
to enter either the larynx or trachea. The larynx performs the phonatory function
only when it is not fulfilling the vital biological functions mentioned above. During

phonation, the larynx is a mechanical variable resistance to the flow of air in and out
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Figure 2.2: Intrinsic laryngeal muscles (from Fink[16])

of the lungs, capable of sound production over a very wide range of pitch and vol-
ume. The vocal folds, which consist of the mucosa ligament and the lamina propria
and may be lengthened or shortened, tensed or relaxed, and abducted or adducted,
is the key for the larynx to accomplish all its basic functions. The active closure of
the vocal folds prevents threatening substances and foreign bodies from entering the
larynx. A sudden, active dilation of the vocal folds once the air pressure has developed
in the lungs results in an explosive emission of air to expel the foreign substance from
the respiratory tract (coughing). During normal breathing, the vocal folds are spaced
rather widely apart so the air stream can flow in and out of the lungs without much
resistance. To initiate speech, the airway has to be opened just enough for the vocal

folds to be set into vibration.
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The phonatory function of the human larynx has been the center of research for
the past one and a half century. Both theories [109,114] and biomechanical models
based on theories were derived as the results of the research. The mathematical mod-
els of the human larynx developed for the study of voice production have been mainly
models of the vocal folds. There were the Single-Degree-of-Freedom Model[17], the
Two-Degree-of-Freedom Model[44], the Sixteen-Mass Model[106,107]and the continu-
ous model[108]. The first model of the human larynx which included the cartilages
was suggested by Fink and Demarest in their 1978 book [16]. In this model, it was
assumed that the arytenoid cartilages were locked in their approximate position, thus
becoming a part of the cricoid cartilage. The only motion in the larynx was the motion
at the cricothyroid joints which change the length and tension of the vocal folds. The
same model structure was applied to the model of voice fundamental frequency control

by Farley [14].

The biomechanical aspect of the nonphonatory functions of the human larynx is
still not well understood, although it has been studied for several decades. Few quanti-
tative models have been developed to study the motion at the cricoarytenoid joints[72,
97]. There is continuing controversy over the motion of the arytenoid cartilages. Fink
gives a brief historical survey of the debate[15]. Based on observations of the actual
laryngeal movement, several hypotheses have been proposed. The earlier view (up to
the 1940’s) was that the arytenoids rotated about vertical axes[23]. This view was
later challenged by researchers. Two other types of motion were then suggested based
on anatomical data. These are known as “rocking” and “sliding” [112], as shown in

Figure 2.3. The rocking motion corresponds to a rotation about the longitudinal axes
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Figure 2.3: The “rocking” and “sliding” of the arytenoid (from Dickson[12])

of the cricoarytenoid joint facets on the cricoid cartilage. The term “rocking” is used
to distinguish this motion from the rotation about vertical axes proposed earlier. The

sliding takes place along the cylindrical surface of the cricoid facets.

There are several reasons why there is still so much uncertainty about the biome-
chanics of the larynx. In comparison with more accessible structures, it is very difficult
to obtain precise three dimensional motion data from an intact larynx. Because the
clinicians/researchers can only see the larynx from one viewing point and the visible
surfaces are relatively low contrast, their perception of the motion is mostly two di-
mensional. The cartilages are completely covered by tissues; their movements cannot

be observed directly.

Researchers have tried to resolve the biomechanical questions about the human
larynx by means of animal models. For example, the larynx of the dog is often used
because of its similar size. Most of the studies performed by Dr. Ingo Titze and his

colleagues were on dog larynges [2,3,76,78]. But the differences are still substantial.
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The vocal fold tissue of the dog is quite different from the vocal fold tissue of the
human. The size and structure of the intrinsic muscles is also different. Therefore,
animal studies alone could not definitively decide biomechanical questions about the
human larynx such as the motion of the cricoarytenoid joint. Those questions can

only be solved by research and experiments on the human larynx.

Building mathematical models of the human larynx which include the skeletal
structures, the intrinsic laryngeal muscles as well as the vocal folds and other liga-
ments/membranes and testing them against experimental data is a first step towards
the comprehensive understanding of the biomechanics of the human larynx. The model
to be developed should utilize as much information gathered from previous research
as possible. The anatomical and mechanical measurements in the following three ar-
eas are particularly useful in building the model: (1) laryngeal muscles, (2) laryngeal
cartilages and joints, and (3) ligaments and other connective tissues. In the following

sections, a comprehensive survey of previous research in these areas is given.

2.2 Intrinsic Laryngeal Muscles

Two kinds of information about the muscles are very important for the purpose of mod-
eling the muscle. First is the anatomical measurements (fiber length, cross-sectional
area, origin and insertion, etc.). Second is the mechanical properties of the muscle
(contraction time, relaxation time, etc). These parameters will determine the maxi-
mum force a muscle can generate and how fast it can do so. Previous studies on the
human intrinsic laryngeal muscles were concentrated on their functional anatomy and

micro structure. The few anatomical measurements available displayed substantial
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variability. The experiments performed to obtain the mechanical properties of the

muscles were mainly done on animals.

2.2.1 Structure and Functions

The intrinsic laryngeal muscles may be categorized according to their effect on the
shape of the glottis and on the vibration behavior of the vocal folds[126]. There are
abductor, adductor and tensor muscles in the larynx. The abductor muscles, which
separate the arytenoids and the vocal folds for respiratory activities, are opposed by
the adductors, which approximate the arytenoid cartilages and the vocal folds for

phonation and for protective purposes. The glottal tensors lengthen the vocal folds.

The anatomical structures and functions of the intrinsic laryngeal muscles have
been described in numerous books and papers (e.g. [12,16,126]). The descriptions

were more or less the same. The following is a summary:

1. Posterior Cricoarytenoid It is the only abductor muscle in the larynx. The
large fan-shaped muscle has a broad area of origin from the concavity that covers
the lateral half of the cricoid lamina. Its fibers converge to insert onto the
arytenoid cartilage by a short tendon that covers the entire superior surface of

the muscular process[12](see Figure 2.2).

2. Thyroarytenoid The thyroarytenoid is a large muscle that extends anteropos-
teriorly and makes up the muscular mass of the vocal fold. Its origin is from
the deep surface of the thyroid lamina lateral to the attachment of the vocal
ligament. Its fibers extend posteriorly to the arytenoid cartilage. It acts as

the adductor, tensor of the vocal folds (see Figure 2.2; note that this muscle is
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located inside the thyroid cartilage).

3. Lateral Cricoarytenoid This is a small muscle that originates from the super-
olateral rim of the cricoid cartilage. Its fibers extend posterosuperiorly to insert
onto the lateral half of the muscular process of the arytenoid cartilage. It acts

as an adductor of the vocal folds (see Figure 2.2).

4. Interarytenoid This is the only unpaired muscle in the larynx. It extends
horizontally across the midline. The attachment, on each side, is to the entire
length of the dorsolateral ridge and the dorsomedial surface of the arytenoid

cartilage. It acts as a vocal fold adductor (see Figure 2.2).

5. Cricothyroid This muscle arises from the superficial surface of the anterior
and lateral parts of the cricoid arch by two muscular bellies that lie next to each
other. The anterior portion inserts into the inferior border of the anterior half
of the thyroid lamina. The posterior portion inserts into the inferior border of
the posterior half of the thyroid lamina. The contraction of this muscle would

lengthen the vocal folds (tensor). See Figure 2.4 for details.

2.2.2 Anatomical Measurements

There are few reports in the literature on anatomical measurements of human intrinsic
laryngeal muscles. The earliest report on the weights of the intrinsic laryngeal muscles
was given by Grabower [22] in 1904. In Faaborg-Andersen’s 1957 paper [13], the size
and weight of four muscle groups were listed. They are cricothyroid, vocalis, transverse

arytenoid and posterior cricoarytenoid. Table 2.1 summarizes his results.
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M. Cricothyroid

Figure 2.4: Cricothyroid muscle (from Sobotta[100])

Table 2.1: Size of the intrinsic laryngeal muscles (Faaborg-Andersen [13])

Cross-
sectional Calculated
Length | Breadth | Thickness area Volume weight Weight

(mm) | (mm) (mm) (mm?) | (mm?) (mg) (mg)

Cricothyroid 15 10 6 60 900 954 940

Vocal 15 4 5 20 300 318 357

Transverse

arytenoid 15 7 5 35 525 556 558
Posterior

cricoarytenoid 12 10 5 50 600 636 625
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In Table 2.1, the sample size used is n = 4 (2 males, 2 females). The length,
breadth and thickness values were measured at the place where each muscle appeared
to be about its average length, breadth and thickness. The cross-sectional area, volume

and weight were calculated using the following formula:

e Cross-sectional area = Breadth x Thickness
e Volume = Length x Breadth x Thickness

e Calculated weight = Volume x 1.06 (muscle density)

The last column in Table 2.1 is the measured weights reported by Grabower
[22].

Since the data was based on only 4 samples and the precise locations where
the measurements were made were not clear, Faaborg-Andersen’s results are difficult
to interpret although the calculated weights agree well with the measured weights by

Grabower.

Bowden and Scheuer [6] measured the wet and dry weights of all five intrinsic
laryngeal muscle groups in 1960. In measuring the wet weights, the blotting technique
was used to remove excess fluid. This information was not reported in Faaborg-

Andersen’s study. The wet weights obtained are listed in Table 2.2.

By comparison, the results by Bowden and Scheuer are lighter than those esti-
mated by Faaborg-Andersen. We think the differences were caused by blotting prior to
measurements. Due to larger sample size and the careful processing techniques, Bow-
den and Scheuer’s results are more reliable than those given by Faaborg-Andersen,

although the variations from sample to sample were very large.
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Table 2.2: Wet weights of the intrinsic laryngeal muscles (Bowden & Scheuer [6])

Muscle Number of samples | Mean value (mg) | Range (mg)

Cricothyroid 24 696.2 305 — 1194

Thyroarytenoid 22 622.3 217 — 1297
Interarytenoid 12 304.1 141 — 538
Lateral cricoarytenoid 22 251.3 80 — 583
Posterior cricoarytenoid 24 408.2 208 — 655

Table 2.3: Weight of the posterior cricoarytenoid muscle (Zemlin [125])

Muscle Number of samples | Mean value (mg) | Range (mg)

Posterior cricoarytenoid 20 671.5 449.6 — 843.6

In Zemlin’s study [125], the weight measurements of the posterior cricoarytenoid
muscles were given. They are listed in Table 2.3. Here blotting prior to measurement

was not mentioned.

The dimension measurements of the lateral cricoarytenoid and the posterior
cricoarytenoid muscle were published by Lang, et al. [50] in 1986. In 1979, Kucinski
et al. [47] measured the dimensions of both the straight and oblique parts of the
cricothyroid muscle. Their results are listed in Table 2.4. In Table 2.4, the length
of the muscle is defined as the distance between the extremely distant origin and
attachment of the muscle, and the breadth of the muscle is defined as the longest

transverse dimension perpendicular to the course of the muscle.

In 1984, Zemlin [125] and his colleagues did a morphological study of the pos-

terior cricoarytenoid muscle. Their study indicated that the PCA muscle is composed
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Table 2.4: Size of the straight and oblique part of the cricothyroid muscle (Kucinski

et al. [47])
Muscle part Number of samples | Length (mm) | Breadth (mm)
straight Left 40 13.5 8.7
part right 40 14.1 8.1
Oblique Left 40 20.0 9.3
part right 40 20.0 9.3

of two separate muscle bundles. One is superior-medial and consists of oblique fibers,
and the other is lateral and consists of vertically directed bipennate fibers. The two
bundles have different sizes of fasciculation and different insertions on the muscular
process of the arytenoid cartilage. The muscle mass of each bundle was measured and

given in the paper. Zemlin’s results are summarized in Table 2.5.

The structure of the thyroarytenoid muscle is a center of controversy. Some
investigators claimed that it could be divided into two groups anatomically (Goerttler
1950 [21]; Wustrow 1952 [120]), while others did not agree (Sonesson 1960 [102]).
Sonesson and Wustrow claimed that the muscle fibers run parallel to the vocal ligament
while Goerttler thought that they arise from the muscular process of the arytenoid
cartilage and insert into the vocal ligament. Zenker [127] found that many fibers end

within the muscle and are connected with each other there.

In summary, the available anatomical measurements of the laryngeal muscles
are very limited. They are mainly weight measurements. The weight data given by
Bowden and Scheuer is probably the best we can find in terms of sample size and

measuring techniques, but there is substantial variability in the data. No conclusions
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Table 2.5: Mean percentage volume and weight of the lateral bundle of the posterior

cricoarytenoid muscle (by Zemlin[125])

Side Mean (%) | SD Range

Weight
Right side 67.92 4.99 | 64.83 - 71.01
Left side 68.18 8.69 | 62.81 — 73.55

Combined 68.95 6.59 | 64.87 — 73.03

Volume
Right side 68.99 4.77 | 66.03 —71.95

Left side 68.15 8.42 | 62.93 — 73.37

Combined 68.57 6.67 | 64.44 — 72.70

can be made about muscle length and cross sectional area given so few measure-
ments. As for muscle attachments, the only papers found were the studies published
by Mossallam et al. [70,71]. They contain detailed descriptions and measurements
on muscle attachments on the arytenoid cartilage which can be used in determining
where to attach the muscle on the arytenoid cartilage. But similar information for the

attachments on the cricoid and thyroid cartilages was not found.

2.2.3 Mechanical Properties

Functional characteristics of the individual laryngeal muscles have been studied by
examining contraction properties of the muscles. This can be done by recording the
mechanical force or displacement caused by the contraction of the muscle. A single

twitch contraction takes place as a response to a single stimulation applied either
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directly to the muscle or to the muscle nerve. When both of the muscle endings
are fixed, thus keeping the muscle length constant, muscle tension is increased by
an isometric contraction of the muscle. When one end of the muscle is pulled by a
constant external force and the muscle is stimulated, the muscle length is decreased
by an eccentric contraction. In the literature, the main mechanical properties of the
laryngeal muscles measured were the contraction time, the relaxation time, the
fusion frequency and the tetanus-twitch ratio. The time from the beginning to
the peak of the twitch contraction is called contraction time, and from the peak to
the end of the contraction, relaxation time. The minimum frequency of stimulation to
obtain complete tetanus of the muscle is called the fusion frequency. The ratio between
maximum tetanus tension and maximum twitch tension (in isometric contraction) is

called the tetanus-twitch ratio.

Almost all of the studies reported on the mechanical properties of the intrinsic

laryngeal muscles so far have been done on animals.

Martensson and Skoglund [62] measured contraction time (C.T.) in eccentric
contraction, fusion frequency (F.F.) and tetanus-twitch ratio (Te/Tw) of the laryn-
geal muscles of the dog, cat, rabbit, monkey and sheep (Table 2.6). According to
Martensson and Skoglund, for the animals studied, the contraction of the adductor
muscles of the larynx, i.e. the thyroarytenoid and the lateral cricoarytenoid, is very
fast and is surpassed only by the external eyeball muscles. This result is consistent
with histochemical data presented in the next section. Among the intrinsic laryngeal
muscles, the cricothyroid and the posterior cricoarytenoid are relatively slow. They

claimed that fast contraction of the adductor muscles is important in closing the glottis
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Table 2.6: Contraction properties in animal intrinsic laryngeal muscles (Martensson

and Skoglund [62])

Muscle specimen C.T. HRT | FF. | Te/Tw

(msec) | (msec) | (spc)

dog 35 > 300 5:1
cricothyroid cat 15-20 - -

monkey and rabbit | 25-30 - -

sheep 50-60 - -
dog 14 > 400 10:1
thyroarytenoid cat 9-13 - -

monkey and rabbit 8-10 - -

sheep 15-20 - -
lat. cricoarytenoid dog 16 - -
post. cricoarytenoid dog 30 - -

fast enough for effective protection of the respiratory organ against foreign bodies and
that the capacity for quick changes in muscle tension is also useful for the regulation
of voicing.

Hast also examined the mechanical properties (in isometric contraction) of the
cricothyroid and the thyroarytenoid muscles of the dog and other animals (Hynan
gibbon, rhesus macaque, squirrel monkey and cat) [27,29,30]. The results are listed
in Table 2.7, where H.R.T represents the half relaxation time. His data for the dog
were similar to those of Martensson and Skoglund. He concluded that the experimen-
tal results obtained from the dog’s larynx, which is anatomically and physiologically

closer to the larynx of primates, would be more valuable for the study of the human
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Table 2.7: Contraction properties in animal intrinsic laryngeal muscles (Hast [30])

Muscle specimen C.T. HR.T | FF. | Te/Tw

(msec) | (msec) | (spc)

Hynan gibbon 39 36 43 3.4:1
rhesus macaque 36.4 23.2 49 44:1

cricothyroid squirrel monkey 18.8 13.6 83 46:1

dog 39 32.3 45 42:1

cat 52.8 424 37 3.7:1

Hynan gibbon 16 17 95 5.9:1

rhesus macaque 14 14.4 112 71:1

thyroarytenoid | squirrel monkey 13.2 14 116 6.0:1
dog 14 18 114 | 6.2:1

cat 22 20 73 5.0:1

larynx. Hirose et al. did similar studies using cats [39] (Table 2.8). Their data for
the cricothyroid and the thyroarytenoid were similar to those of Hast. A summary
of the contraction properties presented in the 60’s by several authors can be found in
Sawashima’s paper [90].

The most recent study of the mechanical properties of the intrinsic laryngeal
muscles in dogs was done by Sato and Hisa in 1987 [88] (Table 2.9). In their experi-
ments, the contraction properties of the cricothyroid, the thyroarytenoid, the posterior
cricoarytenoid and the lateral cricoarytenoid muscles were measured as opposed to just

those of CT and TA muscles as in Hast’s studies. Therefore the data is more complete.

Although a lot of experiments have been performed in this area, almost all of

them were done on dogs and other animals. To obtain the contraction properties of
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Table 2.8: Contraction properties in cat intrinsic laryngeal muscles (Hirose et al. [39])

Muscle C.T. HR.T | F.F. | Te/Tw

(msec) | (msec) | (spc)

cricothyroid 44 41 44 43:1
thyroarytenoid 21 27 >100 [ 7.5:1
post. cricoarytenoid 22 29 >100 [ 34:1

Table 2.9: Contraction properties in canine intrinsic laryngeal muscles (Sato & Hisa

[88])

Muscle C.T. HR.T | F.F. | Te/Tw

(msec) | (msec) | (spec)

Cricothyroid 38 31.7 40 45:1
Thyroarytenoid 14 16 95 71:1
Post. cricoarytenoid 42 37.2 45 38:1
Lat. cricoarytenoid 21 22.5 90 68:1
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human laryngeal muscles, the differences between human laryngeal muscles and those
of the animals must be examined. The survey presented in the next section is an

attempt to establish such connections.

2.2.4 Histochemical Characteristics

Numerous studies have been done on the characteristics of the laryngeal muscles. The
results indicated that adult human laryngeal muscles differ from other skeletal muscles
in a number of fundamental ways. Concerning muscle fiber size, it was seen that the
mean fiber diameter was smaller in laryngeal muscles than in limb skeletal muscles. In
skeletal muscle, the mean fiber diameter usually ranges from 60 to 70 um, as against
40 to 50 pm only in laryngeal muscles [84]. The variability in the size of fibers of
the laryngeal muscle was also greater[84]. Detailed histochemical analysis of human
intrinsic laryngeal muscles has been reported by Teig et al. [105], Rosenfield et al. [83],
Sadeh, et al. [84], Malmgren & Gacek [64], Lacan Saint Guily et al. [48], Brgndbo
et al. [9], Happak et al. [26] and Claassen & Werner [11]. In Table 2.10, the average
percentile distribution of the fiber types in human laryngeal muscles reported by the

investigators -mentioned above is summarized. The mean fiber diameter is given in

Table 2.11.

Histochemical studies of animal laryngeal muscles can be found in the papers
published by Sahgal and Hast [85,86] (Rhesus monkeys), by Braund [7] (dogs) and by
Happak [26] (sheeps). Their results are summarized in Table 2.12. Smaller fiber sizes
have also been observed in dog laryngeal muscles compared with skeletal limb muscles

of dogs of comparable sizes. The major difference between human and animal laryngeal
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Table 2.10: Average percentile distribution of the fiber types in human laryngeal

muscles
Author CT TA PCA LCA 1A SCM*
Teig et al. n 7 7 7 7 7
(1978) [105] Type I 47 35 67 40 46
Type 11 53 65 33 60 54
Sadeh et al. n 2 2 2 2
(1981) [84] Type I 49,42 47,42 55,56 58,35
Type IIA 39,50 39,48 31,38 34,48
Type IIB 12,8 14,10 14,6 8,17
Malmgren & n 10
Gacek Type I 52
(1981) [64] Type 11 48
Rosenfield n 3 3 3 3 3
et al. Type 1 41,38,36 | 37,58,65 62,72,53 50,39,36 | 40,41,50

(1982) [83] Type 11 59,62,64 | 63,42,35 38,28,47 50,61,64 | 60,59,50

Lacan Saint n 3 4 4 2 2
Guily et al. Type I 35-48 23-40 60-75 29,39 30,24
(1983) [48] Type 11 47-60 60-77 25-40 61,71 70,76
Brgndbo et al. n 6 6
(1986) [9] Type I 57 (37-72) 39 (15-58)
Type IIA 36 (28-43) 38 (20-56)
Type IIB 7 (0-23) 23 (3-64)
Happak et al. n 12 12 12 12
(1989) [26] Type I 43 44 65 44
Claassen & n 4 9 11 4 8
Werner Type I 44 53 67 50 56
(1992) [11] Type IIA 54 36 22 35 37
Type IIB 2 5 5 15 1

®Skeletal Muscle — Sternocleidomastoid.
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Table 2.11: Mean fiber diameter of human laryngeal muscles (in um)

Author CcT PCA LCA TA IA

Sadeh et al. n 2 2 2 2
(1981) [84] Type I | 40.0,39.9 | 41.0,45.6 | 54.0,40.4 | 42.9,57.0

Type I | 43.5,47.5 | 40.0,58.3 | 54.1,40.0 { 39.5,60.3

Rosenfield n 3 3 3 3 3
et al. Type I 36.22 34.87 30.72 32.84 34.79
(1982) [83] Type 11 33.37 35.56 36.92 35.68 37.65

Happak et al. n 12 12 12 12
(1989) [26] | Typel 41.1 41.4 44.8 36.7
Type 11 40.0 45.5 48.5 40.2

muscles is the fiber composition of the posterior cricoarytenoid (PCA) muscle. In
human PCA, all the studies have shown the dominance of type I fibers over type II
fibers (the ratio of type I/type II is always greater than 1), while in animals, the reverse
is true. Since the ratio of type I/type II fibers is directly related to the maximal speed
of contraction of the muscle, the discrepancy between human and animal PCA implies
that the contraction properties obtained from animal PCAs cannot be applied directly

to human model.

In summary, the studies have indicated that there were certain differences (1)
between laryngeal muscles and skeletal limb muscles in human, and (2) between human
and animal laryngeal muscles. But the results of these studies were not conclusive. The
muscle fiber components varied greatly from individual to individual. Even though the
data provided us with some information about the fiber components of each muscle, the
mechanical properties of the muscle cannot be drived from the available information.

More accurate and consistent measurements from the human larynx are needed. Before
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Table 2.12: Mean fiber diameter of animal laryngeal muscles (in um) and percentile

ratio of type I over type II fibers

Species CcT PCA | LCA TA IA
Rhesus monkey n 4 4 4
(Sahgal & Hast [86]) | Typel | 28.0 21.8 30.6
Type II | 28.7 26.5 474
I/11 0.63 0.54 0.43
Rhesus monkey n

(Sahgal & Hast [85]) | 1/II 043 | 064 | 0.14 | 023

Dog n 10 10 10 10
(Braund [7]) Type I | 38.20 | 32.05 | 33.38 | 29.39
Type II | 43.25 | 38.95 | 38.59 | 33.85

I/11 0.68 0.69 0.18 0.04

Sheep n 6 6 6 6
(Happak [26]) Type I 43.4 33.1 31.1 | 29.3
Type II | 39.2 34.9 37.0 | 30.6
I/11 1.37 0.83 0.35 | 0.59
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those measurements become available, we prefer to use mechanical properties of the

human limb muscle.

2.3 Laryngeal Cartilages, Joints and Motion

A review of the literature reveals only a few studies of the laryngeal joints and cartilage
dimensions. Earlier studies on cartilage dimensions and ligaments of the larynx were
carried out by Balboni [4,5], Minnigerode [69], Mayet and Mundnich [66]. More recent
work on the subject was reported by Malinowski [63], Maue and Dickson [65], Sellars

[95], Lang [49] and Ajmani [1].

In Malinowski’s investigation, the shape, dimensions and process of calcification
of the laryngeal cartilages in relation to sex and age in the Polish population were
studied. Detailed measurements of the thyroid, cricoid and arytenoid cartilages were

given based on a sample size of 97 individuals (42 women and 55 men).

Similar measurements were made by Maue and Dickson based on 20 samples
(10 women and 10 men). In addition to the cartilage dimensions, Maue and Dickson
also measured the dimensions of the cricoarytenoid joint facets on both the cricoid and
the arytenoid cartilages as well as some intercartilage distances between the thyroid
and the cricoid. Some of their findings about the joint facets are quite interesting and
useful. Maue and Dickson found that the cricothyroid joint facets were so variable
in size, shape, configuration, and even presence that it was not possible to quantify
their dimensions accurately, while the cricoarytenoid joint facets were well defined,
consistent, and bilaterally symmetrical in all cases. There was noticeable variability

among cartilages in their facet shape and configuration, however. As for the shape of
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the joint facets, in over 90% of the larynges they examined, the cricoarytenoid facets
on the cricoid were flat along their major axes and convex along their minor axes,
with the length of the minor axis approximately 60% of that of the major axis. The
cricoarytenoid facets on the arytenoids were consistently flat along an axis parallel to
the longitudinal axis of the cricoarytenoid facet of the cricoid cartilage, and concave
along the axis corresponding to the short axis of the cricoarytenoid facet of the cricoid
cartilage. The facet of the arytenoid cartilage thus fits smoothly over the convex

surface of the cricoarytenoid facet of the cricoid cartilage.

In Sellars and Keen’s study [95], the cricoarytenoid joints of 45 larynges were
dissected and examined with respect to the ligaments, articulating surfaces and move-
ments. Regarding the arytenoid facet, they observed that it is concave and forms the
inferior surface of the muscular process of the arytenoid cartilage. The longer axis of
this facet is placed, when the arytenoid is at rest, at right angles to the long axis of
the cricoid facet. In this long axis, it is concave, and is longer than the width of the
cricoid facet with which it articulates. The concavity is deepest in the middle of the
facet. The short axis of the arytenoid facet is both parallel to and shorter than the
long axis of the cricoid facet. The length of these two axes can differ by up to 2.5 mm
in the same joint. The cricoid facet was studied in detail and measured. In contrast to
the findings by Maue and Dickson, they found that not only were the appearances in
different larynges often quite dissimilar, but that in many cases the two facets of one
cricoid were asymmetrical in appearance. In 30 specimens (17 males and 13 females),
the following measurements were recorded: (a) length of the facet, (b) breadth of

the facet at its mid-point, (c) medial breadth, at a point midway between the medial
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(upper) end of the facet and its midpoint, (d) the medial arc taken as the length of
a piece of inextensible thread stretched across the curvature of the facet between the
ends of the medial breadth measurement (c), (e) lateral breadth, at a point midway
between the lateral (lower) end of the facet and its midpoint, and (f) the lateral arc,

taken as in measurement (d).

Lang et al. [49] made measurements of the thyroid cartilage dimensions, while
Ajmani [1] measured the dimensions of all three cartilages using a total of 40 specimens

(28 males and 12 females).

Since the movement of the two arytenoid cartilages is the only factor which is
relevant to the opening (abduction) and closing (adduction) of the vocal folds, the
motion at the cricoarytenoid joint has become a focus of research. Besides the work
mentioned above, studies on the functional anatomy of the cricoarytenoid joint in hu-
man larynges have been reported by Snell [99], Sonesson [101], Von Leden and Moore
[112], Frable [18], Takase [104] and Sellars [96,97]. All of these investigators have
obtained similar results and pointed out a misconception in some textbooks which
describe a rotatory movement of the arytenoid cartilage around the vertical axis of
the joint surface. According to their studies, the articular facet on the upper posterior
surface of the cricoid cartilage forms a prominence which serves as the convex surface
of a cylinder joint. The axis of the cylinder, which defines the longitudinal dimension
of the joint, runs in the direction from dorsomediocranial to ventrolaterocaudal. The
facets of the joints in the left and the right cartilages are not always symmetrical:
they often show some difference in size and in direction of the longitudinal axis. The

arytenoid facet of the joint is located in the lateral part of the cartilage on the under-
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surface of the muscular process. This facet has a concave surface which is well adapted
to the convex surface of the facet on the cricoid cartilage. The transverse dimension of
the arytenoid facet is larger than that of the cricoid, while its longitudinal dimension
is smaller. Results of the measurements of the joint facets and the angle of the joint

axis made by the above investigators were summarized by Sawashima [90].

The main claim made by the above-mentioned authors is that the structure of
the cricoarytenoid joint permits the arytenoid cartilage two principal types of motion.
One of them, the main type, is a rotating motion around the longitudinal axis of the
joint; the other is a longitudinal sliding motion parallel to the axis. Von Leden and
Moore described another type of motion, though very limited in its extent, around the
attachment of the posterior cricoarytenoid ligament to the cricoid lamina. The longitu-
dinal sliding motion of the arytenoid cartilages is very limited and of little importance
for changing the glottal aperture. According to Sonesson, maximum excursion of this
is 2 mm., which is allowed by the difference in longitudinal dimensions of the joint
surfaces of the cricoid and arytenoid cartilages. Sellars also described a third type of
motion of the cricoarytenoid joint: twisting to bring the vocal process together. This

motion is in agreement with the one suggested by Von Leden and Moore.

Sato [89] and his colleagues investigated the distribution of the elastic cartilage
in the arytenoids. Among the laryngeal cartilages, only the arytenoid cartilage is
composed of two types of cartilage, i.e., elastic and hyaline cartilage. These two types
of cartilage have very different properties, so their distribution in the arytenoid and its
possible functional significance have become an area of research. Sato’s investigations

were performed histologically in two serial sections of the arytenoid: horizontal and
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coronal. The results can be summarized as follows. Elastic cartilage is found not only
at the tip of the vocal process but at the superior portion of the arytenoid cartilage
from the vocal process to the apex. The vocal process bends at the elastic cartilage
portion during adduction and abduction. The sides of the arytenoids come into contact

mainly at the elastic cartilage portion.

2.4 Laryngeal Ligaments and Other Connective Tissues

The most studied ligament in the larynx is the vocal ligament because of its important
role in phonation. The vocal fold (both vocal ligament and vocalis muscle) structure
has been studied by many researchers. According to the histology studies done by
Hirano [37] and Hirano and Kakita [38], the most important feature of the vocal fold
is that it consists of multiple layers, each having different mechanical properties. Most
of the experiments reported in the literature in studying the mechanical properties of
the vocal fold were done without separating the vocalis muscle and the vocal ligament.

Quantitative evaluations have been made with the use of many different methods.

Using excised human larynges, Van den Berg and Tan [110] removed the exter-
nal tissue from the intact laryngeal structure, dissected all tissue above the vocal folds,
and stabilized the structure to a vertical bar. By using a predetermined force applied
to the thyroid cartilage, they elongated the vocal folds, thus simulating cricothyroid
contraction. The extensibilities of both the folds and the vocal ligaments were mea-

sured in this way.

Hast [28] made in situ active-contraction length-tension measurements on dogs

using electrical stimulation of the recurrent laryngeal nerve and, in the process of
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reporting his data, included a single passive length-tension curve for one dog.

Kakita, Hirano and Ohmaru [45] used excised dog larynges from which they
dissected the vocal folds and made separate force-displacement measurements on the
epithelium, lamina propria and muscle. Their preparations remained attached to small
portions of the thyroid and arytenoid cartilages. The tissues were hung vertically from
the thyroid cartilage, known weights were applied to the arytenoid cartilage, and the
amount of elongation was measured using a microscope. They normalized their data
with respect to the cross-sectional area, length, and mass of the tissue sample, and
presented their results in the form of Young’s modulus, the differentiated Young’s

modulus, and shear modulus.

Perlman et al. did similar studies for canine vocal fold tissue [76,77,79]. But
because the vocal ligament in the human vocal fold does not exist in the canine vocal

fold, their results can not be applied directly to modeling of the human larynx.

Many researchers investigated the mechanical properties of the vocal folds in
the medial-lateral directions. Kaneko et al. [46] assessed the overall stiffness of the
vocal folds by measuring stress-strain relations at the mid-portion, when the vocal
fold was pulled medially by a string. Using square-pillar frontal sections of human
and canine vocal folds, Yokoyama et al. [121] have also measured the stress-strain
relations of vocal fold tissue. In the study by Haji and his colleagues[24], the stress-
strain relations obtained at different points on the vocal folds of a freshly excised

human larynx were reported.

Besides the vocal ligaments, there are other ligaments connecting the four ma-

jor laryngeal cartilages. According to an anatomy book [23], the ligaments connecting
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the arytenoid cartilages to the cricoid are two capsular ligaments and two posterior
cricoarytenoid ligaments. The capsular ligaments are thin and loose capsules attached
to the margin of the articular surfaces. The posterior cricoarytenoid ligaments at-
tach to the superior rim of the cricoid lamina between the two cricoarytenoid facets
and extend anteriorly to the medial surfaces of the arytenoid cartilages. These two
ligaments and the vocal ligaments act as guy wires [12]. The ligaments connecting
the thyroid cartilage to the cricoid are three in number - the cricothyroid membrane,
and the capsular ligaments. The cricothyroid membrane is composed mainly of elastic
tissue. It consists of three parts, a central, triangular portion and two lateral portions.
The central part is thick and strong, narrow above and broadening below. The lateral
portions are thinner and lie close under the mucous membrane of the larynx. They
extend from the superior border of the cricoid cartilage to the inferior margin of the
vocal cords. The capsular ligaments enclose the articulations of the inferior cornus of

the thyroid with the cricoid cartilage on each side.

Few quantitative studies can be found in the literature for non-vocal ligaments
and connective tissues of the larynx except for some descriptions about where they
are located based on observations during dissections. There are numerous studies on
nonlaryngeal ligaments reported in the literature, however. Many experimental meth-
ods have been developed to measure the mechanical properties, i.e., the stress-strain
behavior and viscoelastic and plastic properties, of ligaments [51,117]. In 1986, Woo
and his colleagues studied the effects of freezing on the tensile behavior of ligaments
(118]. Their results showed that freezing at —20°C for up to three months had no

effect on the ligament properties. These research results can serve as guidance for
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the experiments which we may need to do in the future to evaluate the mechanical

properties of laryngeal ligaments.

2.5 Conclusions

The following conclusions can be made from the literature survey:

e There was no existing dynamical model of the human larynx that describes the
movement of the arytenoid cartilages. A few existing models of the cricoary-
tenoid joint were mainly built to interpret the observations of the dissections

and were not connected to any muscle actions and real motion data.

e Anatomical data of the human laryngeal muscles is very limited. Among the
available data, the variations were large. Very few studies of the mechanical
properties of the human laryngeal muscles have been done. Therefore, we have
to model the human laryngeal muscles based on what’s available and make rea-

sonable estimates for what is not available.

e There were a few quantitative studies of the human laryngeal cartilages. The
main measurements taken were the cartilage dimensions and cricoarytenoid joint
facet dimensions. The studies performed on the joint anatomy and its possible
motion were mainly descriptive. Two types of motion of the arytenoid were
agreed upon by many authors: (1) “rocking”, and (2) “sliding” (although there
was disagreement about how much it can slide). No detailed joint surface mea-
surement has been made. There was no quantitative analysis done to link the

joint anatomy and the observed motion. Our research concentrated on filling in
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these gaps, which is a necessary step towards building a good joint model.

The vocal ligament is the only ligament in the larynx that has been studied
extensively. The study of other ligaments are still at the level of dissecting and
describing. From the modeling point of view, the mechanical properties of the
ligament, i.e. the stress-strain behavior and viscoelastic and plastic properties
are the most relevant ones. There are well established experimental methods
and tools to measure these properties once they are identified and dissected out.
This is something that has to be done in the future so their roles in movement

of the arytenoids can be better understood.

Although the laryngeal cartilages may be modeled as rigid bodies, they are
different from bones. The tip of the vocal process of the arytenoid bends at its
extremal positions (maximum adduction and abduction). We have to keep this

in mind when studying and interpreting the modeling results.
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Chapter 3

Static Analysis of the Motion at the

Cricoarytenoid Joint

3.1 Introduction

As is evident from the literature review in Chapter 2, the gross anatomy of the human
cricoarytenoid joints has been studied by many researchers by means of dissection.
Although the shapes of the joint facets have been described and their dimensions mea-
sured, no quantitative analysis has been performed which links the joint geometry to
the motion of the arytenoids. The conclusion of the qualitative studies is that the
most likely motion at the cricoarytenoid joint, allowed by the joint geometry, is a
“rocking” motion. A “sliding” motion is possible (some claimed that it is very lim-
ited[101}). The “rocking” motion of the arytenoid is often described as the rotation of
the arytenoid about an axis parallel to the long axis of the cricoarytenoid joint facet on
the cricoid cartilage. This description implies the assumption that the cricoarytenoid

joint is approximately a cylindrical joint and its motion can be approximated by a
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pure rotation about one axis. The goal of the research described in this chapter is to
perform a quantitative study of the joint anatomy and establish a relationship between
the anatomy and the motion. In section 2 the 3D digitization and reconstruction of
the joint facets is discussed. Based on the measurement data, a static motion analysis
of the cricoarytenoid joints using optimization techniques is presented in section 3.
Finally, in section 4, a comparison between the vocal process trajectories predicted by
the optimization procedure and those obtained from the experiments of Selbie et al.

(93] is given.

3.2 Analysis of the Joint Geometry

A three dimensional digitization of the entire joint facet was performed to obtain quan-
titative information about the joint facets. The resulting data was processed, and 3D

color pictures of the facets were displayed on the Silicon Graphics’ IRIS workstation.

3.2.1 3D Surface Digitization Technique

Digitizing the cricoarytenoid joint facet is a challenging problem in itself because of
the small size and the wetness of the surface. Many advanced digitization techniques
(those depending on surface reflections) do not work well with a wet surface[68]. After
researching various options and comparing the cost, we decided to design our own
digitization procedure using a milling machine. The table of the mill can be moved in
three orthogonal directions to an accuracy of 0.02 mm. The position of the table can

be used to determine the zyz coordinates of a point in 3D space.

Tools Required:
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¢ A milling machine (This works better if it has digital readouts, in which case

the machine’s backlash is automatically eliminated).

A dividing head. This is not required if the digitization only involves a small

area of the cartilage.

An indicator/probe with a sharp tip that can fit into the mill’s tool chuck and

be tightened.

A cartilage holder. A piece of aluminum cylinder with two pins fastened to it
was used in our experiment. The cartilage is held in place by inserting the pins

nto it.

Experimental Procedure:

The digitization experiment was performed in the Engineering Machine Shop at
the University of Maryland under the supervision of a mechanic. The milling machine
used is ACER’s ULTIMA-3VK Vertical Turret Milling Machine with ACU-RITE’s
MillMate z — y axis digital readout. The resolution of the mill table is 0.025 mm
(0.001 4n) in each direction. The indicator used is a dental tool (Stimulator) made by
John O. Butler Company. The dividing head used is a very old one and the model

and maker could not be identified. The measuring procedure is the following:

1. Mount the dividing head on the mill’s table.

2. Mount the cartilage on the aluminum cylinder with the facet fully exposed. The
two pins that hold the cartilage prevent it from moving (mainly rotating) during

the experiment.
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3. Mount the aluminum cylinder (along with the cartilage) into the clamp of the
dividing head. The reason for using the dividing head is that we would like to

be able to rotate the cartilage to obtain the best angle to do the measurements.

4. Mount the special indicator/probe into the mill’s tool chuck. This indicator is

used to make contact with the facet surface.

5. Move the mill’s table so that the indicator’s tip is in contact with the joint facet,
then record the 3D coordinates of the contact point by reading out the table’s

zyz position.

6. Repeat step 5 by moving the table in a grid pattern until the entire area of the

facet is covered.

The cricoarytenoid joint facets from two sets of cartilages were digitized using
the above procedure (each set has four facets, two on the arytenoids and two on
the cricoid). The cartilages were provided by the Voice and Speech Section of the
NIH. They came from two male larynges (both in their 70’s) preserved in formalin.
The larynges were first sent to Duke University for MRI scans. After the MRI was
completed, the cartilages were carefully dissected out and kept in formalin before the
digitization took place. The joint facet area and some chosen landmark points to be
digitized were physically marked on the cartilage. On each facet, 150 to 250 points
were measured. These points were not evenly spaced, the distance between the points
was from 0.127 mm (0.005 ins) to 0.381 mm (0.015 ins). Fewer points were measured
in the flat areas and more in the rough areas. This is an advantage of digitizing by

hand. Besides the points on the articulation facets, some landmark points on the
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Figure 3.1: Position of the landmark points on the cricoid cartilage

corresponding cartilages were also measured. On the cricoid seven landmark points
were measured, three on the top back of the ring, two on the top front of the ring
and one on each side. On the arytenoid, two landmark points were measured, one at
the tip of the apex and the other at the tip of the muscular process. Figure 3.1 is a
reconstructed 3D picture of the cricoid cartilage (Selbie[94]) with the positions of those
landmark points shown as black dots. Since the facet data was obtained separately
from cartilage data (from MRI scan), there was no other reference between the two
data sets. These landmark points were used later to fit the joint facet pictures on
to the corresponding cartilage pictures to determine the approximate locations of the

joint surfaces on the cartilages.

The digitization procedure can also be applied to the case where the entire
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surface of a small irregular shaped object is to be digitized. Two whole arytenoid
cartilages were digitized using the above procedure. The experiment was performed
at the engineering machine shop of the University of Maryland. The situation becomes
more complicated when the entire object is to be measured because the object has to
be remounted at least a couple of times in order to cover its entire surface. In other
words, different “views” of the object were obtained first, and then these views were put
together using coordinate transformations. To define the coordinate transformation
between view 1 and view 2, at least four reference points (A, B, C and D) must be
marked and measured under both views. The only requirement for these points is that
they are not co-planar. The measurement results are used to define the coordinate

transformation between view 1 and view 2.

First define an orthogonal coordinate system fixed in the body of the measured
object using the four reference points mentioned above in the following manner: a)
choose point A as the origin of the coordinate system. b) choose the direction of the
vector AB as the direction of the z axis. ¢) choose the plane defined by A, B and C
as the z-y plane. d) choose the normal vector of the ABC plane as the z axis such
that the angle between the normal vector and the vector AD is less than 90 degrees
(i.e. the vector AD and the positive z axis are on the same side of the ABC plane).
e) choose the y axis on the ABC plane such that it is orthogonal to the z axis and the

directions of the z, y and z axes satisfy the right hand rule.

Second, find the transformation between the reference frame under which the
data set is obtained and the fixed body coordinate system. This transformation is

completely defined by the measurements of the four reference points and is given by
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where (u,v,w) represents the fixed body frame and (z,y, z) the measurement frame.

The transformation matrix 77 is an orthogonal matrix defined as
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After obtaining the matrix T}, we can transform the coordinates of point D into

frame (u, v, w)

Up
vp

'
Wp

D —TA
YD — YA
ZD — ZA

(3.2.3)

The matrix T5 can be determined by the sign of w},. If w}, is is positive, let Tp = I,

otherwise let
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The complete transformation matrix is given by T' = TT7.

Given two sets of data measured under different reference frames, once the
transformation matrix between each reference frame and the fixed body frame is de-
termined, say by matrices T' and 7", then the transformation matrix between the two

reference frames is easily obtained, which is 717",

Two arytenoid cartilages were digitized using the 3D digitization technique and
the coordinate transformation method given above. Figure 3.2 is the wireframe picture
of one of the arytenoid cartilages reconstructed based on the measurement data. The
data was obtained from two different views and put together using the transformation
method. The first set of data was obtained while the arytenoid cartilage was held at
the base. Due to the fact that the bottom surface can not be reached by the indicator
during the experiment, the entire base surface including the articulation facet could
not be measured for this particular orientation of the cartilage. The second set of data
was obtained while the arytenoid was held at the lateral part between the apex and
the muscular process. Again, a part of the surface was missing from the data. The

idea was to combine both data sets to get a complete picture of the arytenoid.

3.2.2 Estimation of the Measurement Error

The measurement error of the above digitization procedure comes from three sources:

(1) Equipment error (the resolution of the milling machine in this case), (2) Human
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Figure 3.2: 3D wireframe picture of a human arytenoid cartilage

error (making judgement about the contact between the indicator and the cartilage
surface), and (3) The error introduced by the coordinate transformation (when the
entire cartilage is digitized). For the joint surface measurement, only the first two types
of errors apply. The resolution of the mill is 0.025 mm (0.001 in), which implies that
the systematic errors of the above digitization procedure introduced by the machine
are very small. Then the accuracy of the procedure depends mainly on how accurately
the operator can determine the contact point between the tip of the indicator and
the cartilage surface. Since the contact was judged by human eyes, random errors
were introduced. This type of error can be reduced by the carefulness of the operator.
Several steps were taken to minimize the human error. First, the visibility of the
contact area was improved by using high intensity lighting and positioning the cartilage

at the best viewing angle (using the dividing head to allow rotation). Second, each
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point was measured several times to make sure the readings could be repeated within
a certain limit. Third, the experiment was performed by two people. The first one
operated the milling machine and determined when the contact occurred. The second
person read and recorded the data after a contact was declared. This person also
determined whether a measurement should be repeated by comparing the consecutive
measurements and whether a smaller step size should be taken by comparing the value

of the current point with the value of its neighbor.

To estimate the human error, 16 randomly selected points on the joint surfaces
(6 on the cricoid facet, 10 on the arytenoid facet) were measured repeatedly. For each
point, two out of three coordinates of the mill table were fixed, the table was moved
along the third direction (z-axis) until the tip of the indicator touched the cartilage
surface, then the reading of this x-value was recorded. Each point was measured 10
times, all results were recorded. The mean error and the standarded deviation were

then calculated using the data[113].

_ 1 M
i=1j=1
2 1 Al =.\2
i=1j=1

where N is the total number of points; M is the number of measurements for each
point; x;; is the value of ith point, jth measurement, and Z; is the mean value of point

i. Table 3.1 shows the computation results.

From Table 3.1 we can see that the measurement of the cricoid facet is more

accurate than that of the arytenoid facet. This is because the joint surface is concave
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Table 3.1: Mean error and standard deviation for the digitization procedure

Joint Surface | N | M | Mean Error | SD | Error Range

(mm) | (mm) (mm)

Cricoid 6 |10 0.014 0.020 | -0.038 - 0.064
Arytenoid | 10 | 10 0.027 0.036 | -0.094 - 0.084

Combined | 16 | 10 0.022 0.031 | -0.094 - 0.084

on the cricoid cartilage and easier it to see when the contact occurred. The average
dimension of the 8 joint surfaces digitized was approximately 5.0 mm, which implied
that the mean error and the standard deviation are less than 1%. The worst case error

is within 2%.

3.2.3 3D Reconstruction of the Cartilages and Joint Facets on the

IRIS

Modern computer graphics technology provides us with ways of visualizing objects
that were previously impossible. With the digitized facet data, the joint surface can

be reconstructed in 3D and its features can be studied in detail.

The facet data was processed first in the following ways: (1)A rectangular mesh
was collected. (2)A triangular mesh was generated by dividing each rectangle into
two triangles. There are two ways to divide a rectangle into two triangles. We chose
to connect the two opposite vertices with the smaller distance between them. (3)The
surface normal vector at each vertex of the triangular mesh (i.e. at each data point)

was calculated by averaging all the normal vectors of the surface triangles which share
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Figure 3.3: Picture of a reconstructed cricoarytenoid joint facet

the same vertex.

Next, a computer software was developed on the IRIS workstation using the C
programming language which reads in the triangularized data and the surface normals
and displays a 3D color picture of the corresponding object, which in our case is the
joint articulation surface. Figure 3.3 shows a shaded rendering of a cricoarytenoid

joint facet on the right side of the cricoid.

Finally, the facet pictures were “fit” onto the corresponding pictures of the car-
tilages. To do this, the reconstructed cartilage picture (Selbie[94]) was first displayed
on the computer screen, then the reconstructed joint surface picture along with the
landmark points (measured using the mill) were displayed on the same screen. The
landmark points were physically marked on the cartilage before the digitization of
the joint surface took place, but they were not marked on the cartilage picture re-
constructed from the MRI scan(Selbie[94]). Because there was no absolute reference

between the two data sets, the “fit” between them is an approximation. The posi-
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Figure 3.4: Picture of a reconstructed cricoid cartilage (Selbie[94]) with its joint facets

tion of the joint surface picture was manually adjusted until all the landmark points
were placed at the approximate “right” place on the cartilage, judged by human eyes.
This procedure was used to fit both the arytenoid facet and the cricoid facet picture
onto their corresponding cartilage pictures reconstructed from MRI data (Selbie[94]).
Figure 3.4 shows the picture of a cricoid cartilage with the facet picture (dark area)

superimposed on it. See Section 3.3.5 for a sensitivity study of this "fitting” method.

3.3 Motion Analysis Using Optimization Techniques

The digitization of the joint facets allows us to predict the relative motion between the
two joint surfaces quantitatively. The observations of the cricoarytenoid joint facets
have shown that it is not cylindrical. However, two of the descriptions that have been

given for the movement of the arytenoids involve motion about an axis of rotation.
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If such a rotation is reasonable, we should be able to locate an axis such that the
resulting rotation of the arytenoid about the axis is, at least, close to the real motion
of the arytenoid. In this section, based on the assumption that the major motion at
the cricoarytenoid joint is a rotation, the precise location of the best rotation axis
is determined using the joint geometry data obtained in the previous section. The

feasibility of a rotation about this axis is then studied.

3.3.1 Problem Formulation

To simplify the problem, only the rotation motion is considered. The cricoarytenoid
joint is approximated by a pin joint. The joint axis can be represented by a straight
line in 3D space. A straight line in 3D space can be defined by the intersection of two
planes. For a given line, there are an infinite number of choices for such planes. Two
special planes were chosen such that the resulting representation for the straight line
has minimum number of parameters. One such special plane is the one parallel to the
y axis and the other one is parallel to the z axis. Any line which does not lie in a
plane parallel to the z — y plane can be uniquely defined by the intersection of these

two planes using four parameters (kz, dz, ky, dy) as follows:

T =kyz+dy; —00 <kydy <00
(3.3.1)

y=kyz+dy; —00<kydy<oo
In the above definition, the orientation or slope of the planes is determined by
parameters k; and k,. Parameters d; and d, determine the location of the planes

with respect to the origin of the selected coordinate system. Figure 3.5 shows how

the position and orientation of a plane parallel to the y axis varies as a function of
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parameters d; and k;. Figure 3.6 shows an example of a line defined by two planes of

the form (3.3.1).

Definition (3.3.1) leaves out a class of lines corresponding to ks, ky = oo, ie.
those which lie in a plane parallel to the z — y plane. This class of lines can be defined

using three parameters (k,,d,, 2p) as:

y=kpx+d,; —o00<k;d, <o
(3.3.2)
z = zp; —00 < 2p < 00
The second class of lines is treated separately from the ones defined by (3.3.1).
For the coordinate system chosen to represent the joint surface data, it is very unlikely
that the primary motion axis lies on the z — y plane. Therefore in this chapter we

refer to a line which has a representation of the form (3.3.1) unless otherwise specified.

Those represented by (3.3.2) can be treated similarly if necessary.

Given representation (3.3.1), the problem becomes to find a set of parameters
kz, dg, ky, dy such that the joint axis defined by (3.3.1), using the parameters, is
anatomically feasible and, for the range of motion of the arytenoid, gives the best
performance under a certain criterion. By anatomically feasible we mean that when
the arytenoid rotates around this axis, within the normal range of motion, the real

Joint will not dislocate and the cartilages will not jam.

3.3.2 Performance Measure

There are many ways in which a criterion can be defined to measure the performance

of the pin/cylinder joint model. The question is, which one is most realistic in the
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(a) Position of the plane as a function of dy.

X

\

(b) Position of the plane as a function of k.

Figure 3.5: The position and orientation of a plane parallel to the y axis varies as a

function of d; and k,
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Figure 3.6: A line defined by the intersection of two planes

sense that it reflects what is actually happening in the human cricoarytenoid joint. It
also depends on what information is available to us to make the evaluation. As far
as the joint geometry is concerned, the only measurements available are the digitized
joint facets of the cricoarytenoid joint on both the cricoid and the arytenoid cartilage
and their relative position (approximation) obtained by fitting the digitized data to
the MRI pictures of the cartilages, as described in the previous section. Therefore, one
reasonable criterion to use would be the minimum variation in distance between the
two joint surfaces as the arytenoid traverses its full range of motion. In other words,
it is the minimum variance criterion. Under this criterion, the resulting joint axis will
produce a motion for which the gap between the cricoid and the arytenoid joint facets
is the most uniform one. The rationale for this choice is that, if the joint facets were
ideal cylinders, they would fit perfectly, and the variation in distance between the two

surfaces would be zero. But the real joint surfaces are not cylinders, they are more or
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less elliptical. When one such surface moves on top of the other one, the variation in
distance between them is no longer zero. A large variance would imply more squeezing
of the fluid lubricants filling the joint gap and therefore more motion resistance. If
a joint is able to move almost freely, this motion resistance must be small, i.e., the

variance must be small for a realistic joint to work properly.

To precisely define this performance measure, it is necessary to define the dis-

tance between the two joint surfaces and the variance associated with it.

Suppose the cricoid facet consists of N, discrete 3D points and at each point
there is an associated surface normal vector. The surface normal is obtained by av-
eraging the normals of the surface triangles for which the given point is one of their
vertices. For a given joint axis, the arytenoid will rotate around it and the motion
range will be between 6; and 6. The distance is defined as follows: Let the rotation
angle be 0y = 01 + kA8, k = 0,..., K, A0 = (§2 — 6,)/K. For each data point on
the cricoid facet, draw a radial line along the direction of the surface normal at that
point, determine a point on the line where it crosses the arytenoid facet (this point is
obtained using a trilinear interpolation of three vertices of the corresponding surface
triangle) , then define the distance at that point to be the distance between the two
points and denote it by r¢;(k = 0,...,K;i = 0,..., N, — 1), provided that there exists
such a point. If not, it means that there is no arytenoid facet encounted along the
surface normal passing through that point. In this case, we simply ignore the point
and move on to the next point on the cricoid facet. Let the total number of points for
which a distance can be defined be N. Note that a negative distance ry; implies that

interdigitation between the two facets has occured. For each 6y € (6,,6:), repeat the
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above calculation, and define the average distance for the given joint axis to be

K N

Fe % S ru (3.3.3)

k=0 i=0
where N = YK | Ny, and the variance associated with it is

K N

Var = ﬁ Y (rei—7)? (3.3.4)

k=01=0
Var is a function of the parameters k;, dz, ky, dy which define the joint axis.

By minimizing the variance given by (3.3.4), a joint axis can be located which
produces the most uniform gap while the arytenoid rotates through its range of motion
about this axis. But this process will not guarantee that there is no interdigitation
between the two surfaces associated with the resulting axis. In order to penalize for
the interdigitation due to inappropriate choice of the axis parameters, a cost function

that is different from the variance is defined.

K Ny

Cost = —— D> (s — 7)? (3.3.5)
N - £k=01i=0

where 7; = rg; if rg; > 0, and #g; = 1007, if 75 < 0.

Applying this cost function instead of the variance (3.3.4), the optimization
process will always move toward the direction of reducing interdigitation. It will
eliminate those “bad” axes first due to their high cost, and then select the best one
among the “good” ones. Once the process moves into the subspace consisting of those

“good” axes, it is equivalent to the one using the minimum variance criterion.

Once the cost function is defined, the problem of finding the best joint axis under
the minimum variance criterion becomes an unconstrained optimization problem: Find

u € R*, such that Cost(u) is minimized, where u = (kz, dg, by, dy) 7
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3.3.3 Optimization Algorithms

In the previous sections we have formulated our problem as a multidimensional un-
constrained optimization problem. There are well established theories and algorithms
for solving this type of problem. Some of them will be discussed briefly in this section

for the purpose of choosing an appropriate algorithm to solve our problem.

Consider optimization problems of the form

minimize  f(u) (33.6)

subject to u € R*
There are two kinds of solution points to problem (3.3.6): local minimum points and
global minimum points. In formulating and attacking problem (3.3.6) we are, by
definition, explicitly asking for a global minimum point of f in R*. Practical reality,
however, both from the theoretical and computational viewpoint, dictates that we must
in many circumstances be content with a relative minimum point (local minimum). In
deriving necessary conditions based on the differential calculus, for instance, or when
searching for the minimum point by a convergent stepwise procedure, comparison of
the values of nearby points is all that is possible and attention focuses on relative
minimum points. Global conditions and global solutions can, as a rule, only be found
if the problem possesses certain convexity properties that essentially guarantee that
any relative minimum is a global minimum. Thus, by solving problem (3.3.6), we

usually mean that we are finding a local minimum point.

Since most of the multidimensional minimization problems in reality can not
be solved analytically, iterative methods are used in searching for the solutions. At

each iteration, in general, two steps are involved: (1) determine a search direction
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according to a fixed rule, and (2) find the point along this direction which minimizes

the objective function (line search). The newly found point is then used as the starting

point of the next iteration.

One of the oldest and most widely known methods of solving (3.3.6) is the
Steepest Descent method[59]; it requires the gradient Af(u) of the objective func-

tion f(u). The method is defined by the iterative algorithm
up41 = up — oA f(ug) (3.3.7)

where a is a nonnegative scalar minimizing f(uy — aAf(ug)). In words, from the
point u; we search along the direction of the negative gradient —A f(u) to a minimum
point on this line; this minimum point is taken to be ug;;. The method guarantees
the descent in objective function at each iteration. Its disadvantage is that the speed

of convergence can be very slow, especially near the solution.

The method with fastest convergence rate is Newton’s method. Its idea is to
approximate f(u) locally by a quadratic function, and this approximate function is
minimized exactly. The method has very desirable properties if started sufficiently
close to the solution point. Its order of convergence is two[60]. Newton’s method
requires the second partial derivatives of f(u) (Hessian matrix); it also requires mod-
ification before it can be used at points that are remote from the solution (by intro-
ducing line search). The main concern with this method for us is the need to evaluate,

store and invert the Hessian matrix, which makes it unpractical to use in our problem.

Somewhere between the method of steepest descent and Newton’s method, there
is a class of other methods. They are motivated by the desire to accelerate the typically

slow convergence associated with steepest descent while avoiding the information re-
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quirements associated with the Hessian matrix as required by Newton’s method. One
of the methods which belongs to this class is the Conjugate Gradient method. This
method was invented initially to solve quadratic problems, but later generalized to
solve nonquadratic problems as well{35]. The basic idea is not to have the algorithm
follow the direction of the new gradient, but rather, a direction that is somehow con-
structed to be conjugate to the old gradient, and to all previous directions traversed.
This choice of directions would improve the speed of convergence[60]. In the case
where the Hessian matrix is available, the method becomes the pure form of Newton’s
method. No line searching is required at any stage. The introduction of line search can
avoid the direct use of the Hessian matrix, but at the cost of the speed of convergence.
One of the important conjugate gradient methods with line search is the Polak-Ribiere
method([80]. For an n dimensional problem, the complete algorithm (using restarts)

is:

e Step 1. Given ug, compute go = A f(ug) and set dy = —go.

e Step 2. For k=0,1,...,n —1:
(a) Set ugy1 = ug + agdy, where o minimizes f(ur — oA f(ug)).

(b) Compute gr+1 = Af(ug41)-

(c) Unless k =n — 1, set dry1 = —gg+1 + Brdk, where

_ 9%+19k+1
Pr=="7—
9. 9k

e Step 3. Replace ug by u, and go back to Step 1.
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From the above review of the optimization algorithms, we think that the algo-
rithm best suited for our case is the steepest descent or the conjugate gradient method.
The reason for making the choice is that our problem is nonquadratic and there is no
gradient or Hessian information available. The best we can do is to estimate the gra-
dient using the finite difference method. Also, the convergence speed is not a major

concern here.

3.3.4 Best Joint Axis

Computer software has been developed to solve problem (3.3.6) using the Conjugate
Gradient algorithm with line search. Some C-language functions in the “Numerical
Recipes in C [81]” were used in the simulation. Calculations were performed for the
joint facets of the right side cricoarytenoid joint. The solution depends on the initial
positions of the joint surfaces and the initial guess for the axis parameters. The initial
positions of the joints were estimated from the MRI pictures which was the cadaver
position. The main factor in the initial position is the gap between the two facets. Due
to the inaccuracy of the MRI picture at the location of the joint facets, the joint gap
obtained from the MRI picture is not an accurate measure of the actual joint gap of
the cricoarytenoid joint. Different initial joint gaps were tested during the simulation

and results were compared.

In order to test different joint gaps, another optimization process was designed
to locate the best direction vector so that when the two facets were moved closer along
this direction, the changes in variance along the path were minimal. In other words,

this optimal direction allows us to move the facets closer while keeping the uniformity
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of the gap between them. To formulate this optimization process mathematically, let’s
define the direction vector first. Suppose (u v w) is a direction vector; it must satisfy

the following condition:

w? +ol4w? =1 (3.3.8)

Any direction vector can be defined by two parameters (a,b) as follows:

v=> (3.3.9)

where a2 + 5% < 1.

When moving a point (zg yo 20) along the direction (u v w) by amount At, the

resulting new position of the point is given by

1 = zo + ult
y1 = yo + vAt (3.3.10)
z1 = 2y + wAt.

For a given direction vector defined as above, the arytenoid facet can be moved
along this direction by amount At to a new position. Let the movement range be
between T and Ty, and let t; = T1 + jAt, j =0,...,J,At = (To — T1)/J. For each
t;, a variance in distance can be calculated using equation (3.3.4) with K = 0; we call
it V;. The cost function which measures the changes in variance along the path can
then be defined as

C(a,b) =

J J
‘7:

v, — % > V)2 (3.3.11)

0 m=0
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By minimizing C(a, b), an optimal direction can be determined so that when the
arytenoid facet is moved closer to the cricoid facet, the uniformity of the gap between

them will be kept.

The difference between minimizing C(a, b) and the cost function (3.3.5) defined

in section 3.3.2 is that this is a constrained optimization problem:

minimize  C(a,b)
(3.3.12)
subject to a®?+b% <1

Problem (3.3.12) can be converted to the unconstrained problem of form (3.3.6)

using the penalty method[60]. Introduce a penalty function into the cost function
P(a,b) = [maz(0,a% + b — 1)]? (3.3.13)

The resulting unconstrained problem has a cost function:

C(a,b) = C(a,b) + pP(a,b) (3.3.14)

where p is a positive constant (penalty coefficient, taken to be 100).

The penalty function P has a minimum value 0 only when the inequality con-
straint is satisfied. The unconstrained minimization problem can be solved in the same

way as solving problem (3.3.6).

The cost functions defined by (3.3.5) and (3.3.14) were constructed solely from
the measurement data, i.e., no smoothing of any kind was performed on the data;
they are not nice smooth functions. Figure 3.7 is a plot of the variance (3.3.4) as
a function of k, only; the three other parameters are fixed. It can be seen that the
function has a lot of small wiggles, especially when it is far from the solution. At those

points, the partial derivatives of the cost function are not defined. However, this will
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Figure 3.7: The variance as a function of k&,

not affect the algorithm much because the derivatives were estimated using the finite
difference method so we will always have a direction to move along. The problem
introduced by the lack of smoothness is the additional local minimum points of the
cost function. The optimization algorithm can get stuck at any local minimum point.
This problem exists even if the cost function is smooth. There are two ways to prevent
this from happening. The first one is to start the algorithm from a good initial point
in the parameter space (close to the solution). This requires some prior knowledge of
the solution. Another way is to restart the algorithm after it converges from a point
which is slightly different from the solution point (by adding a small random vector
to the solution) in hope of jumping out of the local minimum. The second method is

especially important in our situation. Both measures were taken in our computation.
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The initial guesses of the joint axis were based on the knowledge obtained from the
dissections, i.e., the “rocking” axis is parallel to the long axis of the cricoarytenoid

joint facet on the cricoid, and the rotation axis, if it exists, is vertical to the joint facet.

The local minimum points introduced by the lack of smoothness of the cost
function can be eliminated if the joint surfaces are smoothed prior to optimization.
The performance of the optimization algorithm will be improved a great deal, once
the small wiggles shown in Figure 3.7 disappear. However, it is generally better to
minimize the processing of the data so the following results were obtained without

smoothing the joint surfaces.

Results for Cartilage # 1

Optimization was performed using the measurement data of the right side crico-
arytenoid joint facets. Three different starting joint gaps were tested. The first is
at 0.63 mm, which is estimated from the MRI reconstruction of the cartilages. The
other two gaps tested were 0.31 mm and 0.23 mm respectively. The motion range of
the arytenoid was taken to be from —25° to 25°, with 0° corresponding to the MRI
(initial) position. This is the maximum range possible before the arytenoid falls off

the cricoid cartilage.

The optimal direction vector used to move the facets closer (reducing the average

joint gap) was:

z = 0.310566
y = 0.128398 (3.3.15)
z = 0.941840
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Table 3.2: Best “rocking” axis for Cartilage #1

Joint Gap d dy kz ky Final Cost
(mm) (mm) (mm) (mm?)
0.63 0.201968 | 0.0475546 | -0.709527 | -0.674101 | 4.877400e-05
0.31 0.186906 | 0.037207 | -0.697890 | -0.667660 | 4.901473e-05
0.23 0.179963 | 0.032212 | -0.691917 | -0.663541 | 4.984633e-05

To locate the best “rocking” axis, an initial guess of the joint axis parameters

was made based on the assumption that it is parallel to the long axis of the cricoid

facet. The four initial parameters and the associated cost are:

¢ Initial Parameters (for joint gap of 0.63 mm):

o Initial Cost:

d, = 0.330604
dy = 0.017307

ky = —0.547773
ky, = —0.767629

Cost = 7.126755¢ — 05

(3.3.16)

(3.3.17)

Table 3.2 shows the solutions found by the optimization processes for three dif-

ferent initial joint gaps. The result corresponding to the average joint gap of 0.63 mm

was obtained using the above initial guess. The results corresponding to an average

joint gap of 0.31 mm were obtained using the final results of gap 0.63 mm as its initial

conditions, and were in turn used as initial conditions for a joint gap of 0.23 mm. The
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Figure 3.8: The location of the optimal “rocking” axis. Note that the axis passes

through the cricoid cartilage below the joint facet
location of the optimal “rocking” axis obtained by the optimization algorithm for joint
gap of 0.23 mm is shown in Figure 3.8.

To test the hypothesis that the arytenoid can rotate about an axis vertical to
the joint facet, an initial axis that was vertical to the joint facet was used to start the

simulation. The four initial parameters and cost are:

o Initial Parameters (for joint gap of 0.63 mm):

d = 1.313803
dy = 0.704306
(3.3.18)
ky = 1.025626
k, = 0.350486
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Table 3.3: Best “vertical” axes for Cartilage #1

Joint Gap dy dy ks ky Final Cost

(mm) (mm) (mm) (mm?)

0.63 2.659252 | -0.412402 | 0.958763 | 0.625911 | 6.383532e-05

0.31 3.259868 | -0.963002 | 0.9584173 | 0.626829 | 6.253566e-05

0.23 3.284337 | -1.002707 | 0.938015 | 0.645088 | 6.425745e-05

e Initial Cost:

Cost = 1.642674e — 04 (3.3.19)

Table 3.3 shows the solutions found by the optimization processes for three dif-
ferent initial joint gaps. The result corresponding to the average joint gap of 0.63 mm
was obtained using the above initial guess. The results corresponding to an average
joint gap of 0.31 mm were obtained using the final results of gap 0.63 mm as its initial
conditions, and were in turn used as initial conditions for a joint gap of 0.23 mm. The
location of the best “vertical” axis obtained by the optimization algorithm for joint

gap of 0.23 mm is shown in Figure 3.9.

Results for Cartilage # 2

Optimization was performed using the measurement data of the right side crico-
arytenoid joint facets. Two different starting joint gaps were tested. The first is
at 0.52 mm, which is estimated from the MRI picture of the cartilages. The other one
is 0.35 mm. The motion range of the arytenoid was taken to be from 0° to 45°, with

0° corresponding to the MRI (initial) position.
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Figure 3.9: The location of the best “vertical” axis

The optimal direction vector used to move the facets closer (reducing the average

joint gap) was:

z = 0.789724
y = 0.002353 (3.3.20)
z = 0.613458

To locate the best “rocking” axis, an initial guess of the joint axis parameters
was made based on the assumption that it is parallel to the long axis of the cricoid

facet. The four initial parameters and the cost are:
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Table 3.4: Best “rocking” axis for Cartilage #2

Joint Gap de dy kx ky Final Cost

(mm) (mm) (mm) (mm?)

0.52 0.219657 | -0.128644 | -1.830611 | -2.024060 | 3.313791e-04

0.35 0.171039 | -0.178575 | -1.836661 | -1.983561 | 3.629360e-04

e Initial Parameters (for joint gap of 0.52 mm):

d, = 0.244800
dy = —0.537862
(3.3.21)
ky; = —1.403628
ky = —2.947076
e Initial Cost:
Cost = 5.231973e — 04 (3.3.22)

Table 3.4 shows the solutions found by the optimization processes for two dif-
ferent initial joint gaps. The result corresponding to the joint gap of 0.52 mm was

obtained using the above initial guess, and was used as initial condition for a joint gap

of 0.35 mm.

To test the hypothesis that the arytenoid can rotate about an axis vertical to
the joint facet, an initial axis that was vertical to the joint facet was used to start the

simulation. The four initial parameters and cost are:
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Table 3.5: Best “vertical” axes for Cartilage #2

Joint Gap dy dy ks ky Final Cost
(mm) (mm) (mm) (mm?)
0.52 1.178532 | 0.343202 | 0.952091 | 0.125826 | 4.047163e-04
0.35 1.633068 | 0.070628 | 1.329215 | -0.090091 | 6.743874e-04

e Initial Parameters (for joint gap of 0.52 mm):

o Initial Cost:

d, = 1.891221
dy = 0.354464
ks = 0.793872
ky, = 0.864431

Cost = 6.959176e — 04

(3.3.23)

(3.3.24)

Table 3.5 shows the solutions found by the optimization processes for two dif-

ferent initial joint gaps. The result corresponding to the joint gap of 0.52 mm was

obtained using the above initial guess, and was used as initial condition for a joint gap

of 0.35 mm.

Discussion

The results listed in Table 3.2 through Table 3.5 all correspond to feasible rotation axes

of the arytenoid as far as the joint surface geometry is concerned. Several consistent

observations were made based on these results:
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. For both cartilages tested, the “rocking” axis is the optimal axis of the cylindrical

joint model of the cricoarytenoid joint.

. Although a feasible axis was found for the rotation about an axis vertical to
the joint facet, this solution is only a local minimum point of the cost function.

Therefore it is not the optimal joint axis.

. The vertical axis found by the optimization process does not pass through the
joint but rather is located outside the cartilage. The resulting motion of the

arytenoid rotating about this axis looks more like sliding than rotation.

. The absolute “vertical” axis refered in the literature is NOT a solution to the

optimization problem.

. For different joint gaps, the solutions differ only slightly, provided that the facets

were moved closer along the optimal direction.

Besides the rocking and the vertical axes, other initial joint parameters were

used during the simulation to test the optimization algorithm as well as ensure that the

results obtained for the rocking axis were not some local minimums of the cost function.

With larger joint gap (e.g. 0.63 mm), it seems that the algorithm always converges to

a feasible axis, although the final costs are larger than the one corresponding to the

rocking axis given in Table 3.2 and Table 3.4. But as the joint gap becomes smaller,

the chances of getting such feasible axes for the normal range of motion becomes

smaller as well. For example, for Cartilage #1, when the joint gap is at 0.20 mm, a

feasible rocking axis with motion range from —25° to 25° can still be found, but for

the same to happen for the vertical axis, the motion range has to be reduced to —12°
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to 12°. The smallest starting gap (with no interdigitation) found is 0.19 mm. At this
distance even the motion range for rocking has to be limited in order to find a feasible
rocking axis. This result is not against common sense, when a joint is heavily loaded,
its flexibility will be significantly reduced. One reason behind this is that when the
joint is pressed hard, the joint spacing becomes smaller. Therefore its motion range

becomes limited. Of course, loading will also change the shape of the joint facets.

All the estimates obtained so far (from MRI and laryngeal slices) have indicated
a spacing (joint gap) between 0.1 mm and 0.6 mm in the cricoarytenoid joint. To verify
whether the estimation is reasonable, we checked the standard recommendations for
the clearance limit in mechanical bearings. The clearance limits for loose-running fits
between plain cylindrical parts recommended by the ANSI B4.1-1967 (R1979) standard
is between 0.1 and 0.4 mm. Since the cricoarytenoid joint is not an ideal cylinder,
the two joint surfaces cannot fit as well as those in a mechanical bearing; a larger
average distance is expected here. Therefore, the estimated joint gap is reasonable.
The initial joint gaps obtained from the MRI pictures were slightly larger (0.63 mm
and 0.52 mm). The subsequent ones tested in the simulation were well within the

range of the estimation.

The characteristics of the cost function (3.3.5) near the solutions were also
studied. 3D surface plots and the corresponding 2D contour plots were made for
the cost function of Cartilage #1 by varying two of the four parameters at a time.
Figures 3.10 - 3.15 are the plots associated with the rocking axis, i.e. the cost function
in the neighborhood of the optimal rocking axis given in Table 3.2. Figures 3.10 - 3.12

correspond to the joint gap of 0.63 mm. Figures 3.13 - 3.15 correspond to the joint gap
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Figure 3.10: Surface and contour plot of the cost function for Cartilage #1 in the
neighborhood of the optimal rocking axis (joint gap = 0.63 mm). (a)(b): Cost vs. d,

and dy; (c)(d): Cost vs. dy and kg
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Figure 3.11: Surface and contour plot of the cost function for Cartilage #1 in the
neighborhood of the optimal rocking axis (joint gap = 0.63 mm). (a)(b): Cost vs. d,

and ky; (c)(d): Cost vs. dy and ky
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Figure 3.12: Surface and contour plot of the cost function for Cartilage #1 in the

neighborhood of the optimal rocking axis (joint gap = 0.63 mm). (a)(b): Cost vs. d,

and ky; (c)(d): Cost vs. k; and ky
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Figure 3.13: Surface and contour plot of the cost function for Cartilage #1 in the

neighborhood of the optimal rocking axis (joint gap = 0.23 mm). (a)(b): Cost vs. d,

and dy; (c)(d): Cost vs. d; and kg
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Figure 3.14: Surface and contour plot of the cost function for Cartilage #1 in the
neighborhood of the optimal rocking axis (joint gap = 0.23 mm). (a)(b): Cost vs. d,

and ky; (c)(d): Cost vs. dy and ky
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Figure 3.15: Surface and contour plot of the cost function for Cartilage #1 in the
neighborhood of the optimal rocking axis (joint gap = 0.23 mm). (a)(b): Cost vs. d,

and ky; (c)(d): Cost vs. k; and k,
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Figure 3.16: Surface and contour plot of the cost function for Cartilage #1 in the
neighborhood of the best vertical axis (joint gap = 0.23 mm). (a)(b): Cost vs. d; and

dy; (c)(d): Cost vs. dg and kg
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Figure 3.17: Surface and contour plot of the cost function for Cartilage #1 in the
neighborhood of the best vertical axis (joint gap = 0.23 mm). (a)(b): Cost vs. d, and

ky; (c)(d): Cost vs. dy and kg
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Figure 3.18: Surface and contour plot of the cost function for Cartilage #1 in the
neighborhood of the best vertical axis (joint gap = 0.23 mm). (a)(b): Cost vs. dy and

ky; (c)(d): Cost vs. k, and k,
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of 0.23 mm. Figures 3.16 - 3.18 are the plots associated with the vertical axis given in
Table 3.3 with joint gap of 0.23 mm. In each figure, plot (a) and (c) are the surface
plots and (b) and (d) are the contour plots of the cost function as two parameters
vary in the neighborhood of their final values, while the other two are fixed at their
final(optimal) values. In these figures the cost function was plotted using a log scale
rather than linear scale because the minimum value is too small (at the level of 1075)
to show on the linear scale. From the surface plots associated with the rocking axis
we can see that near the solution, the cost function is quite smooth, just like the one
predicted by the one dimensional plot (Figure 3.7). Within the range of the plots,
there are no obvious local minimum points. The solution point (at the center of each
plot) is well defined in the sense that the value of the cost function at this point is
much smaller than the values of its surrounding points in four out of six plots. In two
plots (Figure 3.13(c) and Figure 3.15(a)), there exists a deep valley, which corresponds
to the feasible axes. The existence of this valley implies that we can move one of the
planes (change the two parameters in a linear fashion) while keeping the other one
fixed without causing interdigitation between the two facets and a big increase in the
variance. This room for maneuver exists because (1) there is still distance between the
two facets, and (2) the two joint surfaces do not fit as nicely as an ideal cylinder; in this
particular case, the bottom part of the surface fits tighter than the top part; therefore,
one end of the joint axis can move slightly while the other end cannot. As the distance
between the two surface becomes smaller, this valley becomes more narrow. For the
vertical axis, the characteristics of the cost function surfaces are quite different. From
Figure 3.16 (a) we can see that, as long as the orientation of the axis is fixed, the axis

can be moved (theoretically) all the way to infinity without causing interdigitations
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between the two surfaces. The true sliding motion is a rotation about a axis located at
infinity. In general, the surfaces shown in Figures 3.16 - 3.18 are much flatter than the
ones for the corresponding rocking axis; this was caused by the flatness of the cricoid

facet along the direction of its long axis.

Although there is no guarantee that the solutions given in Table 3.2 and Table
3.4 were the global minimums for our problem, no other solutions have been found
which have smaller costs after numerous trials from different starting points. So for
now it is reasonable to conclude that the rocking axis is the global optimal axis under

the minimum variance criterion.

3.3.5 Sensitivity of the Surface Alignment

The cost function J does not only depend on the four axis parameters but also on the
relative position between the two joint surfaces of the same joint. As mentioned above,
the joint surface alignment was determined by fitting the joint surface pictures onto the
cartilage pictures reconstructed from the MRI data (Selbie [94]) using some landmark
points. This procedure will introduce some error. The relative position between the
two surfaces depends on six parameters: three translations and three rotation angles
between the two reference frames that define the two surfaces. To study the effect of
the alignment error on the solutions presented in the previous section, we must first
define the reference frames and the position parameters. The reference frame on the
cricoid facet was chosen in the following way: first select a point on the center of the
surface to be the origin; then use the direction of the surface normal at that point to

define axis w; the u axis is chosen to be perpendicular to the w axis and its direction
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is along the direction of the longitudinal axis of the cricoid facet; the v axis is chosen
such that it is perpendicular to the plane defined by u and w, and the directions of the
u, v and w axis satisfy the right hand rule. Such a choice of reference frames is shown
in Figure 3.19 (left). The local reference frame for the arytenoid facet is obtained by
first translating the cricoid reference frame to a point on the center of the arytenoid
facet and then rotating this frame about u-axis by an angle a , about v-axis by an
angle b and about the w-axis by an angle c¢. Note that these angles can have arbitrary
values since we can select any coordinate system to be the local reference frame for the
arytenoid facet. The resulting coordinate system is used as the reference frame for the
arytenoid facet (Figure 3.19 (right)). The transformation between the two reference
frames is determined by six parameters (v v w a b ¢). Among them, (u v w) is a vector
from the origin of the cricoid frame to the origin of the arytenoid frame expressed in
the cricoid coordinate system, and a is the rotation angle of the arytenoid frame about
the u-axis of the the cricoid frame; b is the rotation angle of the arytenoid frame about
the v-axis of the cricoid frame; c is the rotation angle of the arytenoid frame about
the w-axis of the cricoid frame. If we fix the cricoid facet, then the location of the

arytenoid facet is uniquely defined by these six parameters.

Once the two reference frames are chosen, the effect of the misalignment between
the two surfaces can be studied. To have a general idea about how each of the six
parameters will affect the cost function at the solution point, the cost J of Cartilage
#1 with a nominal joint gap of 0.31 mm was plotted against each of the six parameters

mentioned above. The cricoid facet was fixed and the nominal position of the arytenoid
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Figure 3.19: Local reference frames for the joint surfaces. Left (U-V-W): cricoid facet;

Right (X-Y-Z): arytenoid facet. Cartilage pictures by Dr. Selbie[94].

facet was given by

ug = —0.004176 cm

vy = 0.072370 cm

wy = 0.018829 cm
(3.3.25)

ag = 0.017453 rad

by = 0.017453 rad

cg = 0.017453 rad
Figure 3.20 shows how the cost for the optimal “rocking” axis varies as each of
the six parameters is moved away from its nominal value. Figure 3.21 is the corre-
sponding plots for the best “vertical” axis. The length of the horizontal interval for
these plots is 0.1 ¢m for the three translation parameters and 0.1 rad for the three
rotation angles. Note that the plots for cost vs. v and cost vs. w have much larger

vertical scales than the rest of the plots for both figures. This indicates that when

the arytenoid facet is moved in these two directions, particularly in the negative w
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direction, to a certain point, the two surfaces cross each other resulting in a large
increase in cost (the penalty). This holds true for both the rocking and the vertical
axes. In other directions, the costs do not change as much within the parameter range

studied.

Figure 3.20 and 3.21 give an overall picture of how the relative position of the
two joint surfaces will affect the solution. To estimate the sensitivities of the cost
function at the solution point, we need to look at the variations of the cost in the
neighborhood of the solution point. Suppose F is a function of z, the normalized

differential sensitivity SI' at point z¢ is defined as[8]

_ AF/F,

F
S = Az /zg

laz—>0 (3.3.26)

In our case, the cost function J is defined using discrete measurement data; it
is not a smooth function. There are many discontinuous points of J at which the
partial derivative of J with respect to one or more of the six parameters is not defined.
The solution point obtained in the previous section is one such point because the
optimization procedure pushed the parameters to a corner of the performance criterion.
To see the nonsmoothness of the cost function in the neighborhood of the solution
point, the same figures (Figure 3.20 and 3.21) were plotted using a much smaller
horizontal scale (10™3). The resulting plots are Figure 3.22 for the “rocking” axis and
Figure 3.23 for the “vertical” axis. To estimate the component-wise sensitivities for
this discontinuous cost function J, we let AJ be the difference between the maximum
and minimum value of J in the given interval, and let Az be the length of the interval.
The S at point zg is then calculated according to 3.3.26. The same method was used

to calculate the component-wise sensitivities for the four optimal axis parameters d,
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Figure 3.20: The cost function for the optimal “rocking” axis varies as a function of

each of the six position parameters.
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Figure 3.21: The cost function for the best “vertical” axis varies as a function of each

of the six position parameters.

88



10
4967 4,962
4.94 4.95
4.94
492 »
2 3 4.93
© 49 ©
4.92
4.88 4.91
]
4.86 4.9 :
~4.665 -4.176 -3.676 0.017 0.0175 0.018
u (cm) x 1072 a (rad)
-5 -5
1
4.96 219 496219
4.95} 4.95
4.94 4.94
§ 4.93 § 4.93
492 4.92
4.91 4.91
4.9 49
0.0719 0.0724 0.0729 0.017 0.0175 0.018
v (cm) b (rad)
x107° x10°
4.96 4.96
4.95} 4.95
4.94} 4.94
§ 4.93} § 4.93
4.92 4.92
4.91 4.91
4.9 4.9 :
0.0183 0.0188 0.0193 0.017 0.0175 0.018
w (cm) ¢ (rad)

Figure 3.22: The variations of the cost function within a small interval Az = 103

(the optimal “rocking” axis).
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Table 3.6: Sensitivity results for Cartilage # 1 (rocking axis, Az = 1073)

Fld, | dy | ke | kB | J

SF 1003|018 | 0.02 | 0.01 |0.07

SF 1063|117 029 | 0.16 | 0.57

SE 1029|057 014 | 0.07 | 0.20

SE 10.01 | 0.04 | 0.002 | 0.002 | 0.02

SF10.13|0.16 | 0.04 | 0.03 | 0.03

SF10.13{030| 004 | 0.03 |0.10

dy, k; and k,. The sensitivity results are listed in Table 3.6 (the optimal “rocking”

axis) and Table 3.7 (the best “vertical” axis).

From Table 3.6 and Table 3.7 we can see that in general our results are not very
sensitive. This implies that a small surface alignment error made in any one of the six
directions will not produce a large difference in the solution (since all but three values
in both tables is less than 1.0). Among the three translation parameters u, v and w,
the least sensitive direction is the u direction, which is the direction of the longitudinal
axis of the cricoid facet. This is further evidence to support the sliding movement of
the arytenoid. The directions v and w are the most sensitive directions of all. This can
be explained by the fact that for the chosen cricoid facet coordinate system, moving
the arytenoid facet in these two directions will eventually cause interdigitation between
the two joint surfaces. Among the rotation parameters, the most sensitive one is the
rotation around the w axis (measured by angle c). This result is consistent with our

findings presented in the previous section, i.e. the arytenoid cannot rotate around an
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Table 3.7: Sensitivity results for Cartilage # 1 (vertical axis, Az = 1073)

Fldy | dy | ko | &y | J

SF 10.05 | 0.20 | 0.04 | 0.03 | 0.08

SF 1043 1.29|0.52|0.54 | 1.65

SE 10.06 | 0.22 | 0.16 | 0.11 | 0.31

SE 10.06 | 023|014 0.12}0.29

SEF 10.02 | 0.09 | 0.08 | 0.02 | 0.29

SF 10.07]0.25|0.14 | 0.13 | 0.29

axis that is vertical to the joint facet and passes through the center of the joint.

3.4 Testing Motion Hypotheses Using Vocal Fold Trajectories

A good joint model should produce a movement trajectory that is close to the actual
movement trajectory for the arytenoid. One important way to test different motion
hypotheses is to check their corresponding movement trajectories and compare them
with the experimental results. The best movement axes for “rocking” and “rotating”
have been located in the previous section. By rotating the arytenoid cartilage around
the solution axes, a 3D movement trajectory can be produced for any point on the
cartilage. In order for the trajectories to be comparable with the movement data ob-
tained during experiments, we need to look at approximately the same point on the
cartilage and from roughly the same viewing angle. This implies that projection of the

3D trajectory has to be made onto the viewing plane where the experimental trajecto-
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ries were observed. Since the arytenoid cartilages are not visible in live experiments,
the trajectory data was obtained for some landmarks with easy visibility; they were
not the points on the arytenoid cartilage surface. The tip of the vocal process and the
apex were chosen for their visibility on the video tape. Movement data was digitized
at 60 Hz. This experiment was performed at NIH on a normal female volunteer and
the digitization of the movement data was done by Dr. Scott Selbie[93]. The data was
normalized with respect to the distance between the mid glottic wall and the anterior

commissure.

In order to determine the viewing plane onto which the 3D trajectories of the
joint model can be projected, the 3D pictures of the cartilages reconstructed from the
MRI scans were rotated on the computer screen until the desired viewing angle (similar
to that of the camera) was obtained. The judgement on where to stop the rotation was
made by an NTH expert. Suppose that the base of the cricoid cartilage is sitting on the
horizontal plane, then the angle between this viewing plane and the horizontal plane
is about 20° to 25°. This plane was used to compare arytenoid movement trajectories

produced by different pin joint models with the experimental data.

Figure 3.24 shows the movement trajectories of the arytenoid vocal processes
and superior tips obtained from video (sampled at 60 Hz). The data were collected
from five trials of vocal fold adduction for phonation. In Figure 3.24 the circles cor-
respond to the trajectories of the vocal processes of the arytenoids, while the plus
signs correspond to those of the superior tip (the apex) of the arytenoids. In Figure
3.25 and Figure 3.26, the movement trajectories of the right arytenoids produced by

the pin joint models are superimposed on top of the experimental data. Figure 3.25
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Figure 3.24: Experimental trajectories of the arytenoids (Selbie[93]). The +’s indicate

the trajectories of the vocal processes. The 0’s indicate the superior tips.
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Figure 3.25: Vocal process trajectory of the rocking motion. The dashed line is for

Cartilage # 1 and the solid line is for Cartilage # 2.
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Figure 3.26: Vocal process trajectory of the rotation around the vertical axis. The

dashed line is for Cartilage # 1 and the solid line is for Cartilage # 2.

96




shows the motion trajectory of the vocal process when the arytenoids rotate around
the optimal “rocking” axes determined in previous section. Figure 3.26 corresponds
to the trajectory of the arytenoid rotating around the vertical axes. By comparison,
the “rocking” trajectories fit well with the experimental data while the trajectories
for rotation around the vertical axis is totally different. These results show that the
hypothesis that the arytenoid rocks around the long axis of the cricoarytenoid joint
facet on the cricoid is basically correct. A location and orientation of that axis has
been found (as the results of Section 3) which produces a movement trajectory consis-
tent with the recording. The comparison results contradict the hypothesis of rotation

about a vertical axis. The conclusion is consistent for both cartilages tested.

3.5 Conclusions

Quantitative measures of the cricoarytenoid joint facets were made by the means of 3D
digitization. Based on the measurement data, the problem of finding the best rotation
joint axis has been formulated into an unconstrained optimization problem and the
variation in distance between the two joint facets is defined as the cost function. By
minimizing this cost function, an anatomically feasible joint axis can be determined
around which the arytenoid cartilage rotates. Global optimality is not guaranteed
by the optimization algorithm. The best we can do is to repeat the calculation with
different starting points in the hope that one of them will converge to the global

minimum.

The lowest cost joint axis found is a pretty reasonable one. Rotating around

this axis will result in the normal motion of “rocking” of the arytenoid. The movement
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trajectory of the vocal process produced by the pin joint model using this rocking axis

is consistent with the experimental trajectory.

A suboptimal axis was found which corresponds to the axis vertical to the joint
facet. This axis is located outside the cartilage and the resulting motion is more like a
sliding than a rotating. The trajectory resulting from a rotation about this axis does
not agree with the experimental observation of such trajectories. The restriction on
the sliding movement of the arytenoid was not imposed by the joint anatomy; it has
to come from other structures of the larynx. The ligaments are among the possible

candidates.

The absolute vertical axis is not a solution to our optimization problem. This

means that this axis is not a good joint axis measured by our performance criterion.
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Chapter 4

Muscle EMG Signal Processing

4.1 Role of Muscle EMG in Motion Studies

EMG is the electromyographic recording of the muscular activity. It represents the
major changes in currents and voltages that occur whenever muscle fibers are being

activated by their motoneurons.

From the biomechanical point of view, the main interest in studying muscle
EMG is to understand movement and its neural control rather than the electrical
activities in the muscle. This means that we wish to use the EMG as an indication
of the neural activities of the muscle, the forces exerted by the muscle and, of the
displacements created by those forces. There are two common ways of utilizing the
EMG signals in the study of motion. When the movement trajectories can be obtained
with reasonable precision, good models of the system (skeletal or cartilage structures,
muscles and their attachments, ligaments, tendons and joints) are available and the
purpose of the movement can be described precisely then an optimal control model of

the task can be created and solved. The optimal control signals can then be compared
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with the processed EMG signals to validate the model. Many studies of locomotion use
this approach because the movement trajectories of the limb segments are relatively
easy to obtain[10,31,33,73]. The second method is to use the information revealed in
the EMG to estimate the muscle forces, simulate the result of applying these forces to
the system and compare the simulated movement trajectories with the observed ones.
In the case of laryngeal motion, both the muscle EMGs and the movement trajectories
of the arytenoids are difficult to obtain due to the inaccessibility of the larynx. The
second approach is preferred given that there is much more muscle EMG data available

than motion data.

Although muscle EMGs have been used extensively in motion studies, the tech-
nique has its limitations. Its effectiveness highly depends on the skill with which the
electrode has been formed and placed and the appropriateness with which the resulting
signals have been filtered, amplified, and otherwise treated. A fundamental problem
associated with the method is the so-called muscle “cross-talk”. It is difficult to iden-
tify an EMG as originating from the activity of one particular muscle. A second major
problem is that it is not possible to quantify the relation between EMG and muscle
activation with any degree of precision. The amplitude of the EMG signal depends
upon the number of motor units contained within the electrical field of the recording
electrode. Furthermore, the EMG signal processing technique is very important in
the sense of maintaining the information contained in the raw EMG signal as well as

correlating it with motion.
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4.2 Experiment

The laryngeal EMGs used in this study were data obtained for a study [58] by the Voice
and Speech Section, National Institute on Deafness and Other Communication Disor-
ders (NIDCD). Three normal subjects (two females and one male) participated in the
study. Detailed experiment procedures can be found in [58]. During each experiment
the EMGs of five intrinsic laryngeal muscles were recorded. They are the right thy-
roarytenoid (RTA), the left thyroarytenoid (LTA), the right cricothyroid (RCT), the
left cricothyroid (LCT), and the posterior cricoarytenoid (PCA). The recordings of the
first four muscles were made using bipolar hooked wire electrodes [54], and the record-
ing of the PCA muscle was made using a surface electrode inserted through the nasal
passage into the hypopharynx which recorded muscle activity through the hypopha-
ryngeal mucosa [19]. Before recording, the location of the electrode in each muscle was
verified by asking the subject to perform certain gestures that would produce typical
responses if the electrode was in the right muscle. This verification procedure would
also minimize the “cross-talk” between muscles. Recordings were obtained in all five
muscles simultaneously with signal amplification and band-pass filtering between 100
and 5000 Hz for the bipolar hooked wires and between 50 to 1000 Hz for the sur-
face electrode. Placement of the electrodes was constantly monitored throughout the

experiment,

Beside the EMG signals, the changes in glottal opening during each gesture,
i.e., the amount of light passing through the glottis, were also recorded. The light was
detected with a photoglottographic (PGG) light detector held against the skin below

the cricoid cartilage.
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For the male subject, the muscle EMGs were recorded while he performed the

following phonation gestures repeatedly:

1. Repetition of /i/.

2. Repetition of /si/.

3. Repetition of /i/ in falsetto.

4. /ah/ glide from low to high pitch.

5. Prolonged /¢/ in falsetto.

For each normal subject studied, five maximum muscle activation gestures were
recorded including, (1)deep breath, hold, then release, (2)/ah/ glide, (3)high pitch
sustained /i/, (4)falsetto /i/ repetitions, and (5) wet swallow. Among the recorded
signals of the male subject, the ones for wet swallow contain too much noise due to
the artifact of the up and down movement of the larynx, and therefore were ruled
out completely. By comparing the remaining four gestures, it was found that for this
particular normal control, the /ah/ glide produces maximum activations for all five
muscles recorded. Therefore, this gesture was used to obtain the peak amplitude for
each muscle. The maximum value was calculated by averaging over a 20 ms window
which was placed around the point where the maximum value occured. The results

are listed in Table 4.1
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Table 4.1: Peak muscle activation levels of five laryngeal muscles (in pv)

Muscle | RTA RCT LTA LCT PCA

Vinez | 348.230 | 106.867 | 202.331 | 267.046 | 22.375

4.3 Sampling and Pre-processing

The EMG signals were digitized from FM tape at 5000 Hz with anti-aliasing filtering at
2000 Hz. After digitizing, a test signal (square wave) was used to calibrate each EMG
channel. DC drift for each EMG channel was measured during a period of quiet respi-
ration prior to recording, and was removed from the EMG signal of the corresponding
channel so that the resulting EMG signal reflects only the changes in neuron activities
associated with the recorded gesture. A full wave rectification was then performed on
each EMG channel, followed by noise removal, i.e. the minimum noise level was mea-
sured for each channel and subtracted from the rectified EMG of the corresponding
channel. The resulting rectified EMG signals were then converted to microvolts. All
this processing was done at the NIH using MITSYN (which is a synergistic family of
high-level languages for time signal processing) on a PC[Bassick,1993). The MITSYN
stream processing diagrams and macros were provided by the Voice and Speech Sec-
tion of the NIH. The resulting rectified EMGs are the “raw” EMG signals available for
use in the model. Figure 4.1 shows an example of the rectified EMG signals from the
male subject performing the repetition of /si/ (five times). In Figure 4.1, the acoustic

signal is in arbitrary units and all five EMG channels are in microvolts.

How can muscle EMGs like the ones shown in Figure 4.1 be interpreted as
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Figure 4.1: Rectified laryngeal EMG signals for the repetition of /si/ (sampled at

5000H z).
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indicators of the mechanical force being generated by the muscles? The muscle force
generation process is a much more slowly changing positive-going event that is more or
less proportional to the envelop amplitude of the rectified EMG signal. This envelop
represents the overall activity level of the motor neurons in the muscle fibers. It
indicates how active that particular muscle is under the neural stimulation. Many

muscle models use this muscle activation state to estimate the muscle force produced.

The muscle model used to model the laryngeal motion is a so called Hill- type
model which will be described in detail in Chapter 5. The model consists of two parts.
The first part is the activation dynamics in which a first order nonlinear differential
equation is used to describe the relation between the neural input (stimulation) to
the muscle and its mechanical activation. The second part is the musculotendeon
actuator which generates muscle force as a function of the muscle activation level, fiber
length and the rate of contraction. The processed EMG envelop enters the model as
an input signal to the activation dynamics which represents the neural stimulation
to the muscle. This is a well-established approach [40,41,42,43] that captures the
main qualitative features of the relation between EMG and muscle activation. Other

approaches can also be found in the literature[111].

4.4 Filter Design and Implementation

There are two important issues to address in processing the “raw” EMG in order to
obtain a smoothed envelop signal, (1)keep the amplitude distortion small, and (2)keep
the timing of the signal as accurate as possible because it contains the information

about coordination between different muscle group’s actions. These requirements can
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be translated into the filter design specifications, i.e. to obtain the EMG envelop

using a low pass filter with maximum flatness in the passband and minimum phase

distortion.

4.4.1 Filter Choices

A digital low pass filter was designed to satisfy the above requirements. There were two
classes of filters to choose from: (1)the finite impulse response (FIR) filters and (2)the
infinite impulse response (IIR) filters. The FIR filters have simple architectures, are
always stable, and have the ability to exhibit linear phase versus frequency behavior.
The major disadvantage of the FIRs is their inability to achieve sharp magnitude
response in the frequency domain. In general, a high-order FIR must be used to
achieve sharp frequency response. Unlike the FIR, an IIR filter possesses an impulse
response which may persist for all time. It does not exhibit the phase linearity of
the FIR but compensates for this shortcoming by providing an improved magnitude
frequency response and lower order. Because of its feedback structure, the IIR filter
is not guaranteed to be stable. In practical situations, high-Q filters, and those which
have nearly a piecewise constant spectral shape, are generally implemented as IIR

filters.

To determine which class of filters is most suitable for processing the muscle
EMGs, the design requirements need to be analyzed first. The cutoff frequency of the
lowpass filter designed was less than 10H z, which is the frequency range for most of
the movements. Since the laryngeal muscle EMG’s were sampled at 5000H z, the ratio

of the cutoff frequency to the sampling frequency is very small (< 0.002), which means
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that the lowpass filter will have a very narrow pass band. A very high order FIR filter

is needed in this case in order to obtain a reasonable performance.

Example. Design a lowpass filter with a passband cutoff frequency of 4Hz, a
stopband cutoff frequency of 8 H z, passband ripple of -3dB, stopband ripple of -20dB,
and a sampling frequency of 5000H 2. The estimated order of the FIR filter is 1138 (An
under estimate). A 5th order Butterworth filter will achieve the same performance.
The orders were estimated using MATLAB functions remezord and buttord. Figure
4.2 and Figure 4.3 show the frequency responses of a linear-phase FIR filter of order
1500 and of a Butterworth filter of order 5. The filters were designed using MATLAB
functions remez and butter. The reason for using the log scale for the frequency
axis is that the bandwidth of the filter is too narrow to be noticed on a linear scale

covering 0 to half of the sampling frequency (2500H z).

If a lower order FIR filter is desired, downsampling of the original EMG signal
is necessary. However before downsampling, we must lowpass filter the signal first to
prevent aliasing. The more filtering we use, the more distortion will be introduced into
the the original signal. Therefore downsampling is not a good idea. By comparison,

the IIR filter is clearly a better choice.

Among the classic optimal IIR filters (Butterworth, Chebyshev, etc.), the But-
terworth filter provides the maximum flatness in the passband (no ripples) which
implies the minimum amplitude distortion, and is therefore better suited for our sit-
uation. The phase distortion caused by the IIR filter can be eliminated using the
“forward-backward” filtering technique. The signal sequence is passed through the

filter in the forward direction first, the filtered (output) sequence is then reversed and
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run back through the same filter again. The resulting sequence has precisely zero-
phase distortion and double the filter order. Using this technique, we only need a 3rd

order Butterworth filter to achieve the performance mentioned in the above example.

Mathematically, the forward-backward filtering technique is equivalent to pass-
ing the input signal through an equivalent filter whose order is twice that of the original
filter and whose phase shift is zero. Suppose H(z) is the z-transform of the impulse
response of the original filter, then the z-transform of the equivalent filter, H¢(z), is

given by He(z) = H(z)H(z™!). It can be shown that H,(z) has zero phase shift.

4.4.2 Spectrum Analysis of the Muscle EMGs

The choice of the cutoff frequency f. will affect the envelopes produced. The higher
fc 1s, the more frequency components will be included in the envelope. Different re-
searchers use different cutoff frequencies in their research. For example, David Winter
(115] used a lowpass filter with f. = 3Hz to process the EMG signals of the medial
hamstrings and soleus muscles during walking. To filter the kinematic data associated
with walking, Winter sets the cutoff frequency at 6 Hz based on the spectrum analysis
of the raw data. In order to choose a reasonable cutoff frequency for our lowpass filter,
we must know what are the frequency components of interest. A spectrum analysis
of the laryngeal muscle EMGs was performed for this purpose. For the “raw” EMGs
shown in Figure 4.1, the corresponding spectra are obtained by performing the fast

Fourier transforms (FFT) of the original signals. The spectra are plotted in Figure

4.4.

From Figure 4.4 we can see that besides the DC component, there is clearly a
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Figure 4.4: Spectra of the laryngeal EMGs (for the repetition of /si/).
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peak at around 2Hz for every muscle recorded. This component corresponds to the
repetition frequency of the vocal gesture /si/, which is also the movement frequency
of the arytenoid cartilages. This frequency is the one we are most interested in. There
are other peaks at around 4, 6, and 8 Hz. If the cutoff frequency of the lowpass filter
is taken to be 8Hz, most of the low frequency peaks will be kept in the resulting

envelopes.

4.4.3 Filter Design

Based on the research described in the previous sections, the forward- backward But-
terworth lowpass filter is chosen to process the laryngeal muscle EMGs. Two filters

were designed using MATLAB:

Filter 1:

Order N =3

Cutoff frequency f, = 4.5Hz

Equivalent filter bandwidth W = 4Hz

Transfer function

H(z) = by +bozt + b3272 + by2? (4.41)
T ar+agzl 4+ a3z72 + agz3 -

Where
[b1 b2 bg ba]=[0.2530 0.7590 0.7590 0.2530]x10‘7, and

[a1 a2 az ag]=[1.0000 -2.9882 2.9756 -0.9883].
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Filter 2:

Order N = 3

Cutoff frequency f. = 9.3Hz

Equivalent filter bandwidth W = 8Hz

Transfer function

_ by + bzl + b32_2 + b4z_3
T a1+ azzl +a3z~2 + agz3

H(z) (4.4.2)

Where
[b1 by b3 by]=[0.1994 0.5983 0.5983 0.1994]x 1076, and

[a1 ag a3 ag)=[1.0000 -2.9765 2.9534 -0.9768].

The frequency responses of the two filters are shown in Figure 4.5 and Figure 4.6.
The bottom plot in each figure is the amplitude response of the equivalent forward-
backward filter of order 6. The bandwidths of the equivalent filters are equal to 4Hz

and 8H z respectively.

4.4.4 EMG Envelopes and Their Spectra

Using the two filters designed above, the laryngeal muscle EMGs were filtered. The
signal sequence was passed through the filter twice, first in the forward direction and
then in the reverse direction. The phase shift in the output sequence is zero, i.e. the
timing of the original signal is perfectly preserved. The resulting envelopes of the

EMGs are shown in Figure 4.7 and Figure 4.8.
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Discussion

In Figure 4.7 and Figure 4.8, the non-zero cluster of the acoustic signal corresponds to
the duration of each /si/ performed by the subject. The vocal gesture was repeated
five times in 3 seconds. No breath was taken during the gesture. The peaks of the
TA and the CT muscles lead the corresponding acoustic signal by about 0.1 second
indicating that these adductor muscles were activated prior to phonation to close
the vocal folds. This was accomplished by moving the arytenoid cartilages to their
approximate positions. The peaks of the PCA muscle occur much before the first
cluster of the acoustic signals and a little after each of them. The first peak of the
PCA muscle occurred a little before 0.5 seconds, indicating a big breath was taken
before the phonation started. The last peak occurred at 3.2 seconds indicating another
big breath taken after the phonation. In between, the peaks of the PCA correspond to
the partial opening of the vocal folds for producing /s/. In other words, the PCA was
used for both breathing and speech. Since the PCA is identified as the only abductor
muscle of the larynx, any voluntary opening of the vocal folds requires the activation

of the PCA muscle.

To see how close the spectra of the output signals are to those of the original
ones for the frequency range of interest, the output spectrum of the RTA signal is
compared with its original one. Figure 4.9 shows the results. In Figure 4.9(a), the
output signal was obtained using Filter 1 and Figure 4.9(b) corresponds to the result
of Filter 2. The dotted lines in both figures are the spectrums of the original RTA. By
comparison, the output spectra are very close to the input ones in the pass band and

attenuated sharply in the stop band. This means that the filters designed produced
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very little amplitude distortions to the frequency components of interest, and the phase

distortions are zero. Therefore, all the design requirements have been met.

The filter design and smooth processing mentioned above were performed on
a Sun 4 Station using MATLAB. The MATLAB commands used are listed in the

Appendix A.

4.4.5 Some Implementation Issues

The disadvantage of the forward-backward filtering technique is the need of reversing
the signal sequence twice in order to obtain the right output sequence. From the real
time signal processing point of view we wish to run the whole process sequentially,
thereby eliminating the need for storage and the time delay associated with it. In some
practical situations, it is much easier if thé filter can be implemented as a convolutional

filter (FIR) (for example in MITSYN).

The Butterworth filter designed can be approximated by a FIR filter by trun-
cating its impulse response sequence to a finite length N. Using this finite impulse

sequence to define a FIR filter of order N:
Hi(z) = Z bz~ (4.4.3)
The equivalent forward-backward filter to (4.4.3) has a transfer function of
Hye(2) = Hp(2)Hy(z7") (4.4.4)

In equation (4.4.4), the second filter H¢(27!) is a non-causal filter and is non-
realizable. But the filter 2~V H £(z71) is causal and realizable. The concatenation

of the two filters Hy(2) and z= Hy(2~') produces an equivalent filter with transfer
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Figure 4.10: Impulse response of the Butterworth Filter 1.

function
G(z) = Hp(2)2 NHi(z7Y) = 2N Hy(2)Hp (z71) = 27N Hye(2) (4.4.5)

Filter G(z) has the same amplitude response as the forward-backward But-
terworth filter Hf.(z). The only difference between the two filters is that G(z) has
introduced a constant time delay (by N samples). This time delay is the same for all
EMGs that are processed using the same filter, and can be easily corrected; hence, it
will not affect the correlations between the EMGs of different muscle groups. There-
fore, in practice, if the processing speed is not crucial, it is prefered to implement G(z)

instead of Hy.(z).

Because the FIR filter H¢(z) is only an approximation of the designed Butter-

worth filter, we expect some performance degradation when using it. From the impulse
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response of the 3rd order Butterworth filter (Filter 1), (Figure 4.10), we can see that
the larger N is, the closer the truncated sequence is to the original one; therefore the
closer the performance of the FIR filter will be to that of the Butterworth filter. Fig-
ure 4.10 indicates that in order for the FIR filter to have a similar performance as the
Butterworth filter, N cannot be less than 1500, which is consistent with the estimate

given in the Example in Section 4.4.1.

4.5 Comparison of the Filters

Previously at the Voice and Speech Section, National Institute on Deafness and Other
Communication Disorders (NIDCD), the EMGs were smoothed using a single pole
recursive lowpass filter (lag filter) provided by MITSYN. This filter has two disad-
vantages compared to the Butterworth filter. First, its gain drops very slowly outside
the cutoff frequency so that the unwanted high frequency components remain in the
output signal. Second, its phase shift is non-linear so it is difficult if not impossible to

correct.
A single pole lag filter has a transfer function of the following form:

H(s) = - j_ - (4.5.1)

Where a = 1/7, and 7 is the time constant of the filter.

Figure 4.11 shows the frequency response of a 25 Hz lag filter (time constant
7 = 0.04). The bandwidth of this filter is around 4.0 Hz. The plots clearly show
the nonlinearity in the phase shift and the slow drop in filter gain outside the filter

bandwidth.
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Acoustic

Figure 4.12: EMG envelopes produced by the lag filter
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The smoothed EMG envelopes obtained by applying this lag filter are shown
in Figure 4.12. Spectrum analysis of the lag filtered signal (Figure 4.13) showed that
there were distortions to the low frequency components of interest and unwanted high
frequency components also passed through the filter which is why there were a lot of

wiggles in the resulting EMG envelopes in Figure 4.12.

Compared with the forward-backward Butterworth filter designed in Section

4.4, the lag filter is clearly not a good choice for the EMG signal processing.

4.6 Conclusion

Muscle EMG signal plays an important role in study of human movements. The la-
ryngeal muscle EMGs will be used to estimate the muscle forces. In this chapter the
experiment performed at the NIH that recorded the laryngeal muscle EMGs was dis-
cussed. Signal processing requirements were analyzed and digital filters were designed
to process the rectified EMGs. The raw EMG signals were full-wave rectified and
lowpass filtered to produce smoothed envelopes, which have been shown to be propor-
tional to the muscle forces. The forward-backward Butterworth filter was designed to
process the rectified EMGs. The advantage of this filter over the linear phase FIR and
previously used lag filter is that it has a sharp frequency response, zero phase shift and
low order. Spectrum analysis has shown that the frequency components of interest

were well preserved in the output EMG envelopes obtained using the designed filter.
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Chapter 5

A Dynamical Model of the Human Larynx

5.1 Introduction

As stated in Chapter 2, the larynx serves three basic functions in humans. In order of
functional priority they are protective, respiratory, and phonatory[87]. The arytenoid
cartilages play an important role in all three basic functions. For example, the respi-
ratory (normal mode of the larynx) function is mainly achieved by the movement of
the arytenoids which open and close the vocal folds. One of the principle conditions
that must be fulfilled in transforming the larynx from the respiratory mode to the
phonatory mode is that the vocal ligaments must be apposed, which is attained by the
adduction and apposition of the arytenoid cartilages in the median line thereby clos-
ing the vocal folds. How the motions of the arytenoids are controlled by the nervous
system is still a major unsolved problem in neurolaryngology. Although the task of
understanding neural control seems overwhelming, it could be made easier if a stronger
theoretical platform were available to aid in its neurobiological investigation. Modeling

the human larynx mathematically is the first step towards building such a theoretical
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platform.

The first mathematical model of the larynx was suggested by Fink and Demarest
in their 1978 book [16]. As described in Chapter 2, this model was mainly intended
for speech/voice studies and assumed that the arytenoids are adducted and locked,
thereby becoming a part of the cricoid cartilage. In other words, it assumed that the
larynx was in the phonatory mode. The same model structure was applied to the
model of voice fundamental frequency control by Farley [14]. Very few quantitative
models have been developed to study the movements of the arytenoids[72,97], which,
as pointed out above, is just as important in accomplishing the basic functions of the

human larynx.

The goal of this chapter is to develop a dynamical model of the larynx con-
centrating on the aspect of the arytenoid movements. The model includes two parts:
(1) the joint (skeletal) dynamics; and (2) the muscle dynamics. The cartilage and
joint information obtained in Chapter 3; and the processed muscle EMG envelopes

are applied to the model.

5.2 A Dynamical Model of the Larynx

To concentrate on the motion of the arytenoid, the movements of the cricoid and
the thyroid cartilages are ignored in the model. The cartilages are considered as rigid
bodies with mass and inertia. Based on the quantitative analysis of the joint geometry
presented in Chapter 3, the cricoarytenoid joint is modeled as an ideal pin joint with
the position of the pin chosen to be the axis determined by the optimization procedure

described in Chapter 3. The right side and the left side of the cricoarytenoid joint are
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modeled independently. Only the right side joint model is presented here. The left

side joint is assumed to be similar.

The muscles are modeled as musculotendon actuators. A total of four muscles
are included in the model, they are: (1) right Thyroarytenoid (TA), (2) right Posterior
Cricoarytenoid (PCA), (3) right Lateral Cricoarytenoid (LCA), and (4) Interarytenoid
(IA). The Cricothyroid (CT) muscles are left out of the model because their major
function is to move the thyroid cartilage and they have little affect on the position of
the arytenoids. See Figure 5.1 for the approximate locations of these muscles. Among
the intrinsic laryngeal muscles the PCA is the only abductor (opener) of the vocal
folds, all others act as adductors. The vocal ligament is considered as part of the
thyroarytenoid muscle. Ligaments would be modeled as nonlinear springs. However,
currently there is no quantitative information about any of the ligaments in the larynx;
they are not included in the model. They can be inserted into the model easily once

the data becomes available.

Each musculotendon actuator is modeled as a two-state, lumped-parameter en-
tity, in series with tendon. Driving the musculotendon model is a first-order represen-

tation of the excitation-contraction (activation) dynamics.

5.2.1 Joint Dynamics

The dynamical equations governing the motion of the arytenoid were derived using

Newton’s laws. The analysis yields the following differential equation:

16 = T(8,9) (5.2.1)
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D. Interarytenoid

E. Cricothyroid

Figure 5.1: Laryngo-scopic view of the intrinsic laryngeal muscles (except for E.

Adapted from Sasaki[87])
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where 6, 9, 6 are the angular displacement, velocity, and acceleration of the arytenoid;
I is the inertia of the arytenoid cartilage about the joint axis; T'(6, 0) is the total

torque acted on the joint.

Three type of forces contribute to the torque T:

T(6,6) = b(6,6) + c(8)g + D(8) Fi(a, 0, 0) (5.2.2)

where b(0) is a scalar describing both the centrifugal and Coriolis effects; c(6)g is a
scalar describing the gravitational effect; g is the gravity constant; D(f) is a 1 x 4
moment-arm vector which transforms muscle forces into joint torques, and F; is a

4 x 1 vector of muscle forces.

In the model simulation, the equation of motion (5.2.1) was generated using
SD/FAST software in the form of C-language functions. The system description file

for the joint model is given in Appendix B.

5.2.2 Musculotendon Dynamics

Figure 5.2 depicts the lumped parameter model for the muscle and tendon. This
Hill-type model was developed by Zajac et al[122], and later modified by He and
Levine by including muscle mass. The model contains a series elastic component
(SEC) k; through which the muscle force is exerted on the cartilages. The muscle is
in series (off axis by the pennation angle ) with the SEC, and is assumed to consist
of three components: an active force generator F, representing the muscle contracile
mechanism, a parallel elastic component &, representing the passive muscle elasticity,

and a parallel damping component B,, representing the viscosity of the muscle fiber
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Figure 5.2: Mechanical representation of a muscle.

fluids. The path length L, is the total length between the two end-points where the
muscle is attached. It was assumed that all muscle fibers are equal in length, parallel
to each other, and oriented at the same pennation angle a. The muscle volume was
assumed to remain constant, or equivalently in 2D, muscle thickness L,, was assumed

to remain constant during stretch or contraction.

The series elastic element, is modeled as a nonlinear spring which exhibits a
quadratic force-length relation at small SEC lengths, and a linear relation for longer

SEC lengths [91]:

0.0 L;<0

Fy(L) = { 1480.3L2 L; <0.0127 (5.2.3)

\ 37.5L; —0.2375 otherwise

where F is the SEC force, Ly = (L; — Ly,)/Ly, the normalized SEC length, L;, the

SEC slack length (SEC length at rest).

The active muscle force is the product of three independent factors: (1) the

force-length relation f(Lym), (2) the force—velocity relation g(L.,), and (3) the muscle
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Figure 5.3: Force-length relation.

Muscle Force-Velocity Curve

Figure 5.4: Force-velocity relation.
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activation level a:

Fo = F;f(Lm)g(v)a (5.2.4)

where Ly, = Ly /Ly, V= Ly /Vinaz, Fa is the active muscle force, F, the maximum
isometric force, L,, the muscle length at which F, is achieved, V4, the maximum

shortening velocity, a the muscle activation level.

The force-length relation is shown in Figure 5.3. This can be approximated by
many different curve fitting techniques{32,34,98,124]. Currently, the following curve-

fitting formula is used[98]:

4

0.049117¢33-9594(Lm —0.41) 4 0,001 L, <0.41

f(Lm) =19 0.5(1 — cos(5.28(Lm + (Lm_%-.%gf;gfo_ossl))) 041 <L, <16 (52.5)

0.01147¢50-2805(Lm ~1.6) 4 (001 1.6 < L,

\

The force-velocity relation is shown in Figure 5.4. This can also be approxi-
mated by many different curve fitting techniques[32,34,98]. Currently, the following

curve-fitting formula is used[34]:

g(v) =14 0.6369 tan~1(3.0v) (5.2.6)

The passive muscle force is assumed to take effect at length L,, > Ly,,. It is
generated by a stretch of the muscle fiber without electrical stimulation. The passive

muscle force increases exponentially with respect to muscle fiber length L,, [75]:

Fp(Ly) = Ap(efrem=1) _ 1) (5.2.7)

where F}, is the passive muscle force, Ly, = Ly, /Ly, the normalized length of muscle,

and Ap, kp, the stiffness coefficients.
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The damping force satisfies that

Fy=bpLy, (5.2.8)
where b, is the damping coeflicient.

The total force of a muscle is the sum of the passive force Fj, the active force
F, and the damping force Fy. According to Figure 5.2, the musculotendon dynamics

is the following:

r2

. . M,,L
My Ly, = Fycosa — (Fp + Fo + B L) cos® a + Z ™ tan? o (5.2.9)
m
and
L
a = arcsin—— (5.2.10)
Ly

where L,, is the muscle thickness which is assumed to be a constant. A detailed

derivation of the above equation can be found in [34].

The above musculotendon model includes two sets of parameters. One set uses
non-specific muscle parameters. These parameters are assumed to be identical across
all the muscles modeled. The other set includes the following four muscle-specific
parameters: F, the maximum isometric force, Ly, the muscle length at which F, is
achieved, L;, the SEC length at rest, and o the muscle fiber pennation angle. Note
that the muscle mass M,, is NOT a scaling factor of the muscle model. The details of

the parameters of the four muscles studied can be found in the next section.

5.2.3 Activation Dynamics

The activation dynamics describes the relation between the neural stimulation to the

muscle and its mechanical activation. The corresponding physiological process within
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the muscle is the release, diffusion, and uptake of the Calcium ions that control the
production of sliding forces between the intermuscular filaments. The most important
characteristics of activation dynamics for this model are the different time constants
for activation and deactivation, the low pass filter property, and the saturation of
activation. It is assumed that the activation dynamics is independent of muscle con-
traction dynamics. The following first-order, nonlinear differential equation is used to

describe the activation dynamics:

a(t) = [u(t) — a(®))[k1u(t) + k2] (5.2.11)

with
0<a(t) <1 (5.2.12)
0<u(t) <1 (5.2.13)

where u(t), Vt € [to,ts], taken as the rectified, filtered and smoothed electromyo-
gram(EMG), is the neural excitation to the muscle, a(t) the activation level of the
muscle, k1 + ko the rising time constant of the excitation, ko the falling time constant

of the excitation.

The above activation dynamics has the following features: (1) the mechanical
activation follows EMG envelope asymptotically, and is bounded between 0 and 1;
(2) the rising of activation is faster than its decay; (3) different muscles can have
different time constants &k, k9, i.e. faster muscles have faster responses. In the studies
performed by Zajac et al[74,98,123|on the human high jump using this muscle model,
it was discovered that the jump height is more sensitive to muscle strength than muscle

speed and insensitive to musculotendon compliance (the ratio of tendon slack length
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to muscle filber length). In our model simulation, we assumed that the degree of
rotation of the arytenoid cartilage is not very sensitive to muscle speed. k; and ks are

considered the same for all four muscles (k1 = 50, k2 = 5. See Sim[98]).

5.2.4 Complete Dynamics

The SEC force is the interface between the musculotendon dynamics and the skeletal
dynamics; muscle activation couples the activation dynamics and the musculotendon
dynamics. Figure 5.5 illustrates such relations. Figure 5.6 shows the locations of the

joint axis and the four musculotendon actuators included in the model.

u(® Activation | a(t) |Musculotendor] it (V|  Skeletal L), &(t), B(t)
Dynamics Dynamics Dynamics
at)
0)

Figure 5.5: System diagram of the neuro-musculo-skeletal control system

By combining the equations of the skeletal, musculotendon and activation dy-
namics, we obtain the complete dynamics for the neuro-musculo-skeletal control sys-
tem (NMSCS) of the human cricoarytenoid joint. It can be described by the following

vector form equation:

*T(t) = f(m(t),u(t),t), (5'2'14)

:L'(to) = Ig. (5.2.15)
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Figure 5.6: Muscles and joint axis (cartilage pictures by Selbie[94]).

In the above, z=][z1, -, z14] is the state vector of the system which consists of

angles and angular velocities of the arytenoid, and the lengths, velocities and activa-

tions of the four muscles described above. u={uj,---,u4] is the control vector of the

system, where u; is the neural excitation signal of the i-th muscle. The definition of

the state variables and inputs is given below:

r = ] Iy = 0

I3 = L;I;LA T4 = L%A

Te = L,I;CA z7 = LTI;CA
Tg = L#CA Z1p = Lg;nCA
T2 = LLA 13 = LTInA

uy = uTA(t) ug = uPCA()

uz = ulCA(t)

ug = ul4(t)

138

x5 = aT4(t)

xg = aPCA(2)

211 = aLCA(R) (5.2.16)
z14 = al4(2)



The 14 first order differential equations that describe the system are of the form:

I1 = X9

&y = 1T (z1,22)

I3 = 24

T4 = an;x(Ft“ — FT4 — FT4 — BTAgy)
5 = (u1 — z5)(k1us + k2)

Tg = T7

By = ﬁéUZ(FtPCA — FPCA_ FPCA _ pPCAy,) 217
zg = (ug — zs)(k1ug + k2)

T9 = T190

s _ 1 LCA LCA LCA LCA
Z10 = W(Ft _Fp - F, - By,

T10)
&11 = (uz — z11) (k1us + k2)
12 = Z13

. 1
G13 = 3 (F{4 - FIA - FI4 — BlAz5)

214 = (ug — z14) (k1u4 + k2)

5.3 Parameter Estimation

The above model depends on three sets of parameters: (1) muscle-specific parame-
ters required by the muscle model; (2) linkage system parameters which describe the
mechanical system consisting of the arytenoid cartilage and the cricoarytenoid joint,
and (3) ligament parameters. Of the three, the least information we had was about

laryngeal ligaments, for example, how many ligaments there are in the larynx which
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affect the motion of the arytenoid, where they are attached and what their elastic

properties are. Therefore, the ligaments were left out of the model.

5.3.1 Muscle Parameters

The current model uses muscle parameters derived from experimental data on the
human laryngeal muscles. The following muscle-specific parameters were estimated

for each of the four muscles included in the model:

e Muscle Mass M,

The data for laryngeal muscle mass was obtained from the literature. In 1960,
Bowden and Scheuer [6] measured the wet and dry weights of all five intrinsic
laryngeal muscle groups. The wet weights obtained are listed in Table 2.2. Since
the muscle mass is not a scaling factor in the muscle model, its value was used

to estimate the muscle maximum isometric force F, (see below).

e Optimal Fiber Length L,,,

The optimal muscle fiber length is the length at which the maximum isomet-
ric force F, is achieved. For the model, it was estimated from the MRI scans
(Selbie[94]) and taken to be the distance between the two attachment points
estimated for the corresponding muscle. The measurements were made by Dr.
Selbie of NIH[94]. See Table 5.1 for results.

e Maximum Isometric Force F,

F, was calculated using the following equation

F,=8m X Ap, (5.3.1)

140



Table 5.1: Muscle Parameters

Muscle Right TA Right PCA Right LCA IA
M, (9) 0.622 0.408 0.251 0.304
Limg (cm) 1.633 1.267 0.872 0.897
Am (cm?) 0.409 0.303 0.271 0.319
Lty (em) 0.16 0.120 0.087 0.090
Attachments | (0.183, 1.418,-0.389) | (1.098, 0.567, -0.508) | (1.098, 0.567, -0.508) | (0.300, 0.958, 0.454)
(-0.100, 2.820, -0.300) | (0.573, 0.103, -1.564) | (0.853, 1.032, -1.204) | (-0.597, 0.985, 0.454)

where A,, is the muscle physiological cross-sectional area, and S, is the muscle
stress. The value for muscle stress is controversial; it may vary among slow
and fast muscles. A number between 20 to 35 N/cm? has been used by various

researchers[103,122]. In our simulation, it was taken to be 28 N/cm?.

The muscle cross-sectional area was estimated using the muscle mass M,,, fiber

length L, and the standard muscle density (1.069/cm3) as follows:

M,

Am = 1.06 L,

(5.3.2)

See Table 5.1 for the results of calculated muscle cross-sectional areas for the

four muscles included in the model.

Tendon Slack Length Ly,

There is no evidence that there are substantial real tendons connecting the la-
ryngeal muscle to the cartilages. However, there are always serial elasticities in
the muscle which are lumped into the series elastic element in the muscle model.

The compliance of the musculotendon actuator is determined by the ratio of the
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tendon slack length to optimal muscle fiber length. In our model, this ratio was
taken to be 0.1 for all four muscles, which correspond to very stiff actuators.

The values for the “tendon” slack lengths are also listed in Table 5.1.

e Fiber pennation Angle o

There is no information about the fiber pennation on any of the laryngeal muscles
studied. Previous studies have shown that in order to affect the static and
dynamic properties of the musculotendon actuators, the muscle fiber pennation
must be very high[92,122]. Therefore in the model simulation it is reasonable to

assume that o was equal to zero for all four muscles.

o Attachments

One of the basic assumptions in the muscle model described in the previous
section is that the muscle has point attachments. Although, in reality, the at-
tachments of the laryngeal muscles are highly distributed, the action of each
muscle can be approximated by one or more point-attached muscles that pro-
duce the equivalent pulling effects. The muscle attachment points were also

estimated from the MRI scans [94] and the pictures in anatomy books.

Table 5.1 summarizes the muscle-specific parameters used in the model simu-
lations. The optimal muscle fiber lengths and the attachment points were estimated
using the MRI scans of Cartilage #1 (Selbie[94]). The numbers for the muscle attach-
ments were measured with respect to the coordinate system we chose to represent the
cartilages and joints. The reference frame used to define the cartilages is similar to

the one used by Sellars[97]. The z — y plane is the horizontal plane; the y — z plane is
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the sagittal plane and the £ — z plane is the frontal plane. The base of the cricoid is

sitting on the horizontal plane. See Figure 3.8 for the chosen coordinate system.

5.3.2 Linkage System Parameters

The linkage system parameters were estimated based on a cadaver larynx (Cartilage
#1). The masses of the arytenoids were obtained by weighing the cartilages on a bal-
ance (SARTORIUS, Model LC4800P with accuracy of 0.01 g) The center of mass and
moments of inertia were estimated using the digitized cartilage surface data obtained
from the MRI scans. The Monte Carlo Method[25)was applied in evaluating those
integrals that define the center of mass and inertias assuming that the mass of the
cartilage is uniformly distributed, i.e. the mass density is a constant. The center of

mass and moments of inertia are defined as follows:

e Center of Mass:
_ J zdzdydz
Te = dzdydz
] ydzdydz (533)
Ye = drdydz
zdzdydz
zc =
drdydz

Iy = m [(y? + 2%)dzdydz

e Moments of Inertia:

Ly =m [(2? + 2%)dzdydz
L. =m [(z? + y*)dzdydz
(5.3.4)
Iy = m [ zydzdydz
I, = m [ zzdzdydz

Iy, = m [ yzdzdydz
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5.4 Computer Simulation Results

The dynamical model of the human cricoarytenoid joint was simulated using the pa-
rameters given in the above section. The model consists of a total of fourteen states
z = [z1,"--,Z14). Among them, the first two states are the rotation angle and the
angular velocity of the arytenoid cartilage; the rest of the state variables correspond
to those defined in the muscle model (three state variables for each muscle: L,,, Lo
and a(t)). The initial state in (5.2.15) is selected to represent the rest condition of the
human larynx: the initial angular velocity of the arytenoid cartilage is zero; the initial
muscle fiber lengths of all four muscles are equilibria of their corresponding musculo-
tendon dynamics (5.2.9); the initial muscle velocities and initial levels of activations

of all four muscles are zero.

The normalized muscle EMG envelopes obtained in Chapter 4 are applied to the
activation dynamics as the input neural stimulus to the muscles. The vocal gesture for
which the EMGs were recorded is the repetition of /si/. We expect to see the closing
and opening movement of the arytenoid at each on-set and off-set of the gesture. The
raw EMGs were filtered using the forward-backward Butterworth filter with cutoff
frequency f. = 4 Hz as presented in Chapter 4. The filtered EMG envelopes (Figure
4.7) were then downsampled at 100 Hz and normalized with respect to the maximum
activation values for the corresponding muscles. Only the signals for RTA and PCA in
Figure 4.7 were used in the simulation. For muscle LCA and IA, there were no EMGs

available; they were simulated as passive muscles (u(t) = 0 for all t).

Figure 5.7 shows the results of the model simulation. The vocal gesture sim-

ulated was the repetition of /si/ in one breath. The top plot is the acoustic trace
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Simulation Results
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showing the timing of each /s/ and /i/ (as marked on the plot). The production of
/s/ requires partial opening of the vocal folds while the production of /i/ corresponds
to vocal fold adduction (closure). The second plot is the PGG signal (photoglotto-
graphic signal) recorded along with the EMGs by Ludlow et al. This signal indicates
the changes in glottal opening during the gesture. The third plot is the rotation angle
of the right arytenoid cartilage as the result of the simulated vocal gesture; the other
two plots are the muscle activation levels of the TA and PCA muscle with the input
normalized EMGs superimposed on them as dashed lines. The EMG envelope of the
TA was normalized with respect to the the peak activation level of the TA muscle
listed in Table 4.1. The PCA envelope was normalized with respect to its peak value
in Table 4.1 and then scaled down by a factor of 0.1. From Table 4.1 we can see
that the peak value of the PCA is almost 10 times smaller than that of the TA. We
think this value is inaccurate because the PCA EMG was collected using a surface
electrode while the others were using bipolar hooked wire electrodes. The normalized
PCA indicated that the muscle was nearly 50% active while other muscles were less
than 5% active, which is quite a mismatch. This is the reason for down scaling the

PCA envelope.

Discussion
From Figure 5.7, the following observations are made:

e The peaks of the rotation angle of the arytenoid cartilage, which represent the
largest openings of the vocal folds, occurred at each on-set of /s/ and each breath

(the first and the last peak). The valleys of the angle occurred at each on-set of
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/i/. This indicates that the vocal fold was abducted (opened) to produce /s/

and adducted (closed) to produce /i/, as observed from the experiment.

e There is a delay of about 0.1 second between the peaks of the rotation angle
of the arytenoid and the peaks of the PGG signal. This may be explained by
the fact that the glottal opening does not only depend on the position of the
arytenoid cartilage but also on the air pressure that acted on the vocal folds.
This delay may also indicate the inaccuracy of the model since only two muscles

were actively involved.

e The peak activations of the PCA muscle occurred a little before the peaks of the
rotation angle, indicating that the PCA was indeed acting as an abductor of the

vocal folds.

e The peaks of the TA muscle activation level correspond to the valleys of the
rotation angle 6, indicating that the TA muscle acted as an adductor of the

vocal folds.

Because the location of the pin joint axis used in the model was the optimal
“rocking” axis obtained by the optimization algorithm presented in Chapter 3, the
movement trajectory of the vocal process of the arytenoid cartilage produced by the
model agreed well with the motion data taken from the video recordings (Figure 3.24
and Figure 3.25). At the current stage, the best we can say is that the movement
pattern of the arytenoid cartilage produced by the model is similar to that of the
vocal gestures studied. The model cannot be fully tested for its accuracy until more

motion data becomes available. The rotation angle of the arytenoid is sensitive to the
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ratio of muscle strength (physiological cross-sectional area, mass) and the ratio of the
muscle activation level of the two active muscles (TA and PCA). These two ratios have
similar effect on the model, which is to change the force ratio between the two muscles.
To see the effect of this, we chose to change the ratio of the muscle excitation level
(by scaling the PCA EMG envelope up or down 50% from the value used to produce
Figure 5.7. The results are given in Figure 5.8 (50% smaller) and Figure 5.9 (50%
larger). From these two figures we can see that the basic features shown in Figure 5.7
still hold true except that the peak rotation angle of the arytenoid changed. The peak

angle is proportional to the ratio of the PCA to the TA activation level.

5.5 Conclusion

The dynamical model of the human larynx presented in this chapter is a first attempt
at developing a dynamical neural musculotendon skeletal model of the human larynx.
Although the model is still at a preliminary stage of development, the simulations
performed on it have shown some promising results. The movement pattern of the
arytenoid cartilage produced by the model is similar to that of the vocal gestures
studied. Both the thyroarytenoid and the posterior cricoarytenoid muscles functioned

in the predicted ways.

The model can be improved a great deal as more data becomes available, such
as more accurate muscle parameters, both anatomical measurements and physiological
investigations of elasticities and viscosities of various laryngeal components (ligaments,
elastic membranes, etc.), better EMG recordings and more motion data. As the model

is expanded to incorporate more factors and better estimates of biological parameters,
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Simulation Results
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Figure 5.8: The model simulation results. The muscle activation level of the PCA is

scaled down by 50%.
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its usefulness may also increase.
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Chapter 6

Conclusions and Future Research

6.1 Summary

In this dissertation, quantitative measurement and analysis was performed on the joint
anatomy and motion at the cricoarytenoid joint of the human larynx. A dynamic
neuro-musculo-skeletal model which describes such motion was developed. This re-
search has been motivated by the search for treatment for various laryngeal motor
control disorders as well as the lack of previous study of the biomechanical aspects of
the biological functions (non-phonatory functions) of the human larynx. The model
devised here is the first dynamical model of the human larynx which includes both

muscles and the skeletal structures (cartilages).

The research focused on the motion of the arytenoid cartilages which controls
the opening and closing of the vocal folds. To obtain quantitative information about
the joint geometry, a 3D digitization method was proposed and implemented using a
milling machine. Using this method, two sets of joint surfaces of the cricoarytenoid

joint were digitized. A computer graphics software package was written to reconstruct

152



the joint surfaces as well as laryngeal cartilages on the Silicon Graphics’ IRIS computer.

Using the joint surface data, an optimization problem was formulated to locate
the best feasible rotation axis for the joint, assuming that the joint can be approxi-
mated by an ideal cylinder. The minimum variation in the joint gap was used as the
objective function. The solution to the optimization problem gives an optimal rota-
tion axis for the motion range of the arytenoid. Rotating around this axis results in
a motion that has the most uniform joint gap, thus the smallest resistance produced
by the fluid inside the joint gap. For the two cartilages studied, the optimal joint axis
turned out to be the so called “rocking” axis of the arytenoid. Rotation about an
axis that is vertical to the joint facet is also feasible but not optimal. The best such
axis found by the optimization algorithm does not pass through the joint facet but
rather is located outside the cricoid cartilage. The resulting rotation motion around
this axis produces a “sliding” of the arytenoid. The movement trajectory produced
by rotating around the optimal “rocking” axis matches the experimental data, while

the one produced by the rotation about the vertical axis contradicts it.

Based on the study results obtained above, a neuro-musculo-skeletal model of the
human larynx was developed. This model assumed that the larynx is not at the state
of steady phonation so the arytenoids are not locked. The motion at the cricothyroid
joint was ignored in the model and the cricoarytenoid joint was treated as an ideal
cylinder/pin joint. The location of the joint axis used in the model was determined
by the optimization procedure mentioned above. Four intrinsic laryngeal muscles
were included in the model. A Hill’s type model was used to model the dynamics

of the muscle. The muscle and skeletal system parameters were estimated based on
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experimental data found in the literature or on our own measurements. No animal
data was used in our study. The rectified, smoothed EMGs were used as the neural
input to the muscle model. A lowpass digital forward-backward Butterworth filter was
designed to filter the rectified muscle EMG to obtain a smoothed envelope which is
proportional to the muscle force. Computer simulation results have shown that the
model indeed produces motions similar to those observed from live experiments for

the laryngeal gesture tested.

6.2 What We Have Learned

Through the study presented in this dissertation, we have learned the following about

the human laryngeal movements:

e The “rocking” motion is the optimal rotation of the cricoarytenoid joint under

the most uniform joint gap criterion.

e The “sliding” motion is a feasible motion of the joint in terms of the joint surface
geometry. If this motion is very limited, it must be restricted by other structures

of the larynx (joint capsules, ligaments, etc.).

e The “vertical” rotation axis is not a solution under our criterion, i.e., this motion

is restricted by the joint anatomy.

e The movement trajectories of the vocal process of the arytenoid rotating around
the optimal “rocking” axis match the motion data while the ones for the “sliding”

contradict it.
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e For the “rocking” joint model, the muscle TA acts as an adductor and the PCA

as an abductor of the vocal folds.

6.3 Future Research

The study presented in this dissertation is a first step towards the comprehensive
understanding of the biomechanics of the human larynx. It is far from complete.
There is still much work remaining to be done. Future research is needed in the

following areas:

e The lack of data is the main obstacle preventing more detailed and accurate
models to be developed and tested. More experiments need to be designed
and performed to obtain quantitative information about the anatomy and the
mechanical properties of the human laryngeal muscles, ligaments, the conus elas-
ticus folds, etc. In order for the information to be useful for producing models,
experiments have to be performed from a different perspective than in the past:

less descriptive, more precise measurements.

e Currently, the laryngeal muscle EMGs are recorded without reference to the
corresponding laryngeal motion. This information is much needed to validate
any models developed. A method and a criterion are needed to measure and

record the movement information during EMG recording.

e The current joint model is a very simple one. It only captures the major motion
at the cricoarytenoid joint. More realistic joint models can be developed as more

accurate data becomes available. A first step is to include the “sliding” motion
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in the model when the ligament data becomes available to make it a two-degree-
of-freedom model. The next step is to model the joint as a surface-to-surface
contact joint. A starting point could be to apply the surface fitting method to

the experimental data to obtain analytical joint surfaces to work with.

The optimization algorithm presented in this dissertation can be extended to the
more complicated joint models to determine the best movement direction based

on the current position of the arytenoid.

An optimal control model can be created to study those gestures with clear
objectives. For example, a minimum time optimal control model can be used
to study the protective functions of the human larynx (which require the vocal

folds to be closed as fast as possible).
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Appendix A

MATLAB Script Files for Filter Design and

EMG Processing

A.1 Filter Design

h——--- Order Estimation -----

% Linear Phase FIR

[n,fo,mo,w] = remezord( [4 6]1/2500, [1 0], [0.1,0.29],2);
% Butterworth

[nb,wb]=buttord(4/25600,6/2500,0.5,20);

h=———= Lowpass Linear Phase FIR Filter Design -----

b=remez (1500, fo,mo) ;

h———-- Lowpass Butterworth Filter Design -----

£5=5000; %Sampling frequency
N =3; %0rder of the filter
fc=4; %Cutoff frequency
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[b,a]l=butter(N,fc/(£s/2));
h=———- Plotting Frequency Response -----
[mag,phase,w]=dbode(b,a,1/5000) ;
clg
subplot (311)
semilogx(w(1:181)/(2*pi),20*1logl0(mag(1:181))),grid
xlabel (’Frequency (Hz)’)
ylabel(’Gain (dB)’)
subplot (312)
semilogx(w(1:181)/(2*pi),phase(1:181)),grid
xlabel(’Frequency (Hz)’)
ylabel(’Phase (deg)’)
subplot (313)
semilogx(w(1:181)/(2%pi),40*1logl0(mag(1:181))),grid
title (’Equivalent Forward-Backward Filter’)
xlabel (*Frequency (Hz)’)
ylabel(’Gain (dB)’)
orient tall

print

A.2 Spectrum Analysis

h———-- Spectrum Analysis -----

Nf=18000;
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% Original EMG

fa2=abs (fft(a2,Nf))*2/Nf;
fal3=abs (fft(a3,Nf))*2/Nf;
fad=abs(fft (a4,Nf))*2/Nf;
fab=abs (fft (a5,Nf))*2/Nf;
fa6=abs(fft(a6,Nf))*2/Nf;
% Filtered RTA

fy2=abs (fft (y2,Nf))*2/Nf;
f12=abs (fft (12,Nf))*2/Nf;

f=fg*(0:Nf/2-1)/Nf;

Y- Plotting Original Spectra
clg
subplot (511)

semilogx (f,20%log10(fa2(1:N£/2)))

ylabel (’RTA (dB)’)
xlabel (’Frequency (Hz)’)
axis([0.1 10000 -100 10])

subplot (512)

semilogx (f,20%1og10(fa3(1:N£/2)))

ylabel (’RCT (dB)’)
xlabel (’Frequency (Hz)’)

subplot (513)

semilogx (f,20%1log10(fa4(1:Nf/2)))

ylabel (’LTA (dB)’)
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xlabel (’Frequency (Hz)’)
axis({0.1 10000 -100 10])
subplot(514)

semilogx (f,20*1og10(fab(1:Nf/2)))
ylabel (’LCT (dB)?)

xlabel (’Frequency (Hz)’)
axis([0.1 10000 -100 10])

subplot (515)

semilogx (f,20*1logl0(fa6(1:Nf/2)))
ylabel (’PCA (dB)?’)

xlabel (’Frequency (Hz)’)

axis([0.1 10000 -100 10])

h————- Plotting Spectrum of RTA -----
clg
semilogx (f,20%1logl0(fa2(1:N£/2)),’~=?)

ylabel (’Amplitude (dB)’)

xlabel (’Frequency (Hz)’)

hold on
semilogx(f,20%1ogl0(£fy2(1:N£f/2)), ’m’)
hold off

gtext (’Original’)

gtext (’Butterworth Filtered’)

orient landscape

print
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clg

semilogx (f,20%1log10(fa2(1:Nf/2)),’--")
title (’Figure 7. Spectrum Analysis of EMG Signal (RTA)’)
ylabel (’Amplitude (dB)’)

xlabel (’Frequency (Hz)’)

hold on

semilogx (f,20*1og10(£12(1:N£f/2)),’m’)
hold off

gtext (’Original’)

gtext (’Lag Filtered’)

orient landscape

print

A.3 EMG Processing

h=——-- Input Rectified EMG Data -----
load emg.dat;

t=emg(:,1);

al=emg(:,2);

a2=emg(:,3);

a3=emg(:,4);

ad=emg(:,5);

ab=emg(:,6);

a6=emg(:,7);
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a7=emg(:,8);
a8=emg(:,9);
hhm——— Plotting Rectified EMG -----
clg

subplot(611)
plot(t,al)

ylabel (’Acoustic?’)
xlabel (’t (sec)’)
subplot (612)
plot(t,a2)

ylabel (’RTA’)
xlabel (’t (sec)’)
subplot (613)
plot(t,a3)

ylabel (’RCT’)
xlabel (’t (sec)?’)
subplot (614)
plot(t,ad)

ylabel (°LTA’)
xlabel (°t (sec)’)
subplot (615)
plot(t,ab)

ylabel (’LCT’)

xlabel (’t (sec)’)
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subplot (616)
plot(t,a6)

ylabel (’PCA’)
xlabel ('t (sec)’)

orient tall

h=——- Forward-Backward Filtering of EMG Data -----
y2=filtfilt(b,a,a2);
y3=filtfilt(b,a,a3);
y4=filtfilt(b,a,ad);
y5=filtfilt(b,a,a5);
y6=filtfilt(b,a,a6);

h———-- Plotting EMG Envolopes -----
clg

subplot (611)

plot(t,al)

ylabel (’Acoustic’)

xlabel (°t (sec)’)

subplot (612)

plot(t,y2)

ylabel (’RTA’)

xlabel (’t (sec)’)

subplot (613)

plot(t,y3)
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ylabel (’RCT’)
xlabel (°t (sec)’)
subplot (614)
plot(t,y4)

ylabel (°LTA’)
xlabel (’t (sec)?)
subplot (615)
plot(t,y5)

ylabel (°LCT’)
xlabel (°t (sec)’)
subplot (616)
plot(t,yé)

ylabel (’PCA’)
xlabel (’t (sec)’)
orient tall

print
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Appendix B

SD/FAST System Description File for the

Joint Model

The part of linkage dynamics of the model described in Chapter 5 was generated using
SD/FAST, a software product of the Symbolic Dynamics, inc. which is used in the
development of high- performance analysis and design studies of mechanical systems.
Given the system description, SD/FAST will generate the equations of motion of the
system and implement them in the form of C-language functions. Using these C
functions, analysis and design studies can be performed on any mechanical system
which can be modeled as a set of rigid bodies interconnected by joints, influenced by

forces, driven by prescribed motions, and restricted by constraints.
The following is a system description file for the cricoarytenoid joint model

supplied to SD/FAST for generating the linkage dynamics.

#
# This is an SD/FAST Input File describing the motion of the

# cricoarytenoid joint which is modeled as an 1D pin joint
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#

gravity = 0.0007 0.0007 -980.0007

body = arytenoid
inb = $ground
joint = pin
mass = 0.2907
inertia = 0.0086287 0.0007017 0.0013167
? 0.0095487 -0.0006167
? ? 0.0036527
bodytojoint = 0.36617 -0.09557 -0.72837

pin = 0.49957 0.47907 -0.72197
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Appendix C

IRIS 3D Reconstruction and Display Programs

The programs included here were developed to create 3D pictures of any object (e.g.
cartilages and bones) and animate their motions on the IRIS computer. The codes
were written in C language, and can be run on any IRIS machines of model 4D or

higher.

C.1 DISPLAY 3D.C

¢ Purpose:

To display a 3D object.

e Description:
This program displays a 3D object in the form of either a wireframe or a solid
picture. The image can be rotated around the three orthogonal axes of the
coordinate system by using the three buttons on the mouse. The image can
also be enlarged or reduced in size by pressing the b-key (big) or the s-key

(small) on the keyboard. To choose the wireframe picture, simply press the w-
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key (wireframe). Pressing the s-key (solid) will produce a solid picture. The x,

y and z axis are also displayed along with the object.

Usage:

In order to run this program, the user should supply a data file called ”data.tri”
which contains the 3D surface points of the object to be displayed. The data. file
should be in the following format:

(1) Total number of serial sections (integer)

(2) Number of points in the current section (integer)

(3) List of 3D coordinates of all points in the current section such that any three

consecutive points form a triangle on the surface of the object.

To compile and run this program on an IRIS machine, type:

cc display_3d.c -o display -lgl_s -lc_s -Im

display

To exit from the display, press the ESC key.
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C.2 LARYNX.3D.C

e Purpose:
To reconstruct laryngeal cartilages and joint surfaces, display joint axis and

muscle attachments.

e Description:
This program reconstructs the laryngeal cartilages and joint surfaces, and dis-
plays them in the form of 3D shaded renderings. A given joint axis as well as
intrinsic laryngeal muscles will also be displayed in the form of straight lines.
The images can be rotated around three orthogonal axes of the coordinate sys-
tem by pressing one of the three buttons on the mouse and drag the mouse in the
horizontal direction. The images of the right arytenoid cartilage and its joint
facet can be rotated around the given joint axis by pressing the left and the
right buttons on the mouse simultaneously and drag the mouse in the horizontal
direction, or by pressing the o-key or the p-key on the keyboard. The images
can also be enlarged or reduced in size by pressing the b-key (big) or the s-key
(small) on the keyboard. Three axes of the chosen coordinate system are also

displayed.

o Usage:
In order to run this program, the user should supply the following input data

files:

1. The surface data points and surface normal vectors at each data point for

every 3D object to be displayed.
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2. One index file for each 3D object to be displayed indicating the connection

pattern of the surface triangles.
3. A file containing the location and orientation of the joint axis.

4. A file containing the muscle attachment points for every muscle to be dis-

played.

To compile and run this program on a IRIS machine, type:

cc larynx_3d.c useful func.c -o larynx -lgl s -lc_s -lm

larynx

To exit from the program, move the cursor to the graphics window, then press

the ESC key.
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C.3 JOINT_3D.C

e Purpose:

To animate the motion at the cricoarytenoid joints using a cylinder joint model.

e Description:
This program animates the motion at the cricoarytenoid joints using a cylin-
der joint model. Two pieces of cylinders are used to represent the cricoid and
arytenoid joint facets. Four types of motion can be simulated using the sliding
bars on the control panel. They are (1)Rocking (w/o slipping) (2)Sliding and
(3)Rotation about a vertical axis. The radii of the two cylinders were estimated
using 3D measurements of the joint facets. The gap between the two cylinder
surfaces can be adjusted using a sliding bar. The image in the main graphics
window consists of two cylindrical surfaces representing the cricoid joint facets,
two solid 3D arytenoids sitting on top of the cricoid cylinders, and two straight
lines representing the vocal ligaments. A closer view of the motion between the
two cylinder surfaces is displayed in a secondary graphics window. The images
in both windows move simultaneous under the panel control. The images can
be rotated around three orthogonal axes of the coordinate system by using the
three buttons on the mouse. The images can can also be enlarged or reduced
in size by pressing the b-key (big) or the s-key (small) on the keyboard. Three

axes are also displayed in both windows.

e Usage:

In order to run this program, the user should supply a data file called "data.tri”
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which contains the 3D surface points of the arytenoid to be displayed. The data
file should be in the following format:

(1) Total number of serial sections (integer)

(2) Number of points in the current section (integer)

(3) List of 3D coordinates of all points in the current section such that any three

consecutive points form a triangle on the surface of the object.

To compile and run this program on a IRIS machine, type:

cc joint_3d.c -o joint -lgl s -lc_s -lm

joint

To exit from the program, move the cursor to the main graphics window, then

press the ESC key.
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