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ABSTRACT
A MODEL OF THE HUMAN UPPER EXTREMITY

AND ITS APPLICATION TO A BASEBALL
PITCHING MOTION

By
Byeong Hwa Ahn

The purposes of the study were to create a mathematical
model of the human upper extremity and to apply the model to
the acceleration phase of the fast baseball pitching motion.
Angular trajectories at the elbow and wrist joints in the
fast baseball pitching were generated experimentally by a
three-dimensional cinematographic technique and
theoretically by simulation and optimization techniques.

The mathematical model was applied to generate
a) angular trajectories that closely matched the
experimental trajectories at the elbow and wrist joint and
b) optimal angular trajectories that maximize the velocity
of the hand at the release of the ball. The mathematical
model was also used to investigate the roles of elbow and
wrist joint muscles in baseball pitching.

The model of the human upper extremity, created in this
study was considered to closely simulate the experimental
angular trajectories at the elbow and wrist joint in the

pitching motion.



The hand velocity at the release of the ball was
approximately 80 percent of the experimental result when the
resultant elbow joint torque was set to zero, approximately
95 percent of the experimental result when the resultant
wrist joint torque was set to zero, and approximately 75
percent of the experimental result when both the resultant
elbow and wrist joint torques were set to zero.

Velocity of the ball at release in pitching was
primarily generated by body parts other than the upper
extremity. Therefore, the optimal angular trajectory of
the pitching arm that can be obtained from simulation and/or
optimization is not the true optimal angular trajectory

unless the motion of the other body parts is optimal.



Dedicated to my mom and dad who modeled for me
the importance of hardwork toward

a far-reaching goal.
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CHAPTER I
INTRODUCTION

Biomechanics is the application of mechanics to biology
(Fung, 1981). Biomechanics as an area common to
mechanics, materials, physical medicine, orthopaedic
surgery, dentistry, prosthetics, rehabilitation, injury
prevention, ergonomics, sports, and others is interwoven and
thus difficult to define (Fung, 1972; Huiskes, 1982).

It is colored differently by its many fields of

application and the backgrounds of its disciplinaries.

It partly overlaps sciences such as biomaterials,

medical physics and biophysics, physiology, and

functional anatomy. It can be regarded as a sub-
branch of biomedical engineering (or bioengineering)
and a branch of biomechanical engineering. What
biomechanics is or becomes depends on the spirits and

efforts of those who sail under its flag, rather than a

rigid application of definitions. (Huiskes, 1982,

p. ix)

Biomechanics applied to the analysis of gross human
motions such as walking, running, and sports activities can
be studied by the principle of rigid-body dynamics, that is
typically solved by the inverse dynamics or direct dynamics
approach (Crowninshield, 1980; King, 1984). The inverse
dynamics problem computes resultant muscular forces and
moments from observed kinematics and/or measured external

forces (Zatsiorsky, 1978; Crowninshield and Brand, 1980;

Zajac and Gordon, 1989). This inverse dynamics problem

1
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has been applied extensively to the study of sports skills
since the studies of Plagenhoef (1966, 1968, 1971) and
Dillman (1970, 1971). The application of this inverse
dynamics approach to sport motions, however, has a serious
drawback. It is descriptive. It analyzes only existing
movement patterns because the input is the data that are
recorded from existing motions.

The direct dynamics approach computes kinematics, with
muscular forces or moments prescribed. It is predictive.
The predictive approach of modeling is stronger or better
than the descriptive approach since it is especially useful
for identifying and examining causal factors influencing
human performance and finding the best movement pattern
(Redfield and Hull, 1986). The direct dynamics problem
that is theory-oriented can be solved by simulation or
optimization.

Currently, most of the research in sports biomechanics,
for training and coaching high performance athletes, is
conducted in a descriptive or comparative manner (Nigg,
1982). Dillman (1985) stated that:

present biomechanical evaluations are generally

conducted by comparing an athlete's style to the best

in the world. The assumption of these comparative
analyses is that elite athletes through years and years
of practice have optimized their performance and that
their techniques can serve as criteria in the

evaluation of skill. (p. 108)

Sprigings (1986) pointed out the limitation of this

comparative approach as follows:
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The biomechanist would be in a very good position to
help up-and-coming athletes by comparing their movement
patterns to those that are successfully employed by
highly skilled performers. But, when it came to
trying to help the elite athlete, he would be at a
loss. The biomechanist would have no way of knowing
whether the elite athlete's technique could be
improved, since his present analytical methods require
comparison with someone of significantly higher skill
level in order to provide the insight into what is
possible. The only solution to this very real
problem in present-day sport biomechanics is
mathematically to model the human body so that
subsequent forward dynamic computer simulation can be
performed. (p. 5)
Hatze (1984) also raised criticism of the research approach
currently being employed. He stated that the vast majority
of motion analyses carried out today should be called
'motion descriptions!' or 'motion comparisons'. True
motion analysis would imply that inferences can be made
based on neural control processes and performance
criteria that generated the observed motion.
Recently, biomechanical studies in sports have become
more directed toward modeling (Hubbard and Barlow, 1980;
Nigg, 1982). However, most studies of the optimization or
simulation of human movements, including sports skills, have
used resultant muscular torques as input without directly
considering muscle mechanics as part of the model (Ghosh and
Boykin, 1976; Hubbard and Barlow, 1980). The optimization
or simulation of human motion, without considering
individual muscles that may be able to explain individual
differences in movement patterns in sports skills, may not
be enough to improve the highly skilled athlete's

performance though it is suitable for the gross motion
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studies such as automobile crash response, aerospace related
problems, and other engineering applications.

Variations in human motion stem from both anatomical
and physiological differences. These variations may be
very important factors in determining individual differences
in movement patterns associated with performances of sports
skills. Amis (1978) and Amis et al. (1979), in their
studies of four cadaver limbs, reported wide variations in
the size ratios of muscles from limb to limb, while the
musculo-skeletal geometry was basically similar from limb to
limb. Very few investigators, however, have included the
muscular control mechanisms in their models because of the
difficulties in constructing control models of skeletal
muscle (Hatze, 1980).

In order to gain insight into how to improve the highly
skilled athlete's performance, sports biomechanics badly
needs delicate control models of skeletal muscle. Hatze
has pioneered this area of study with the development of a
mathematical model of the human musculo-skeletal system and
a control model of skeletal muscle behavior based upon
physiological phenomena (Dillman, 1985). His model
successfully optimized or simulated the kicking motion and
the take-off phase of the long jump (Hatze, 1975, 1976,
1977, 1981, 1983).

The human body is the most sophisticated and dynamic
system in the world. Formulation of a dynamic model that

acts as a real human being may be beyond human ability.
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It is also theoretically impossible to validate completely a
model under all test conditions because the purpose of a
mathematical model is the prediction of behavior in unknown
situations (Panjabi, 1979). There is, however, no doubt
that dynamic mathematical models of the human body will play
a very significant role in understanding how the body moves
(Peindl and Engin, 1987).

Dynamic modeling is one of the most interesting and
challenging areas of biomechanics. With improvements in
models of skeletal muscle and the musculo-skeletal system
and the development of biomedical instrumentation, dynamic
modeling is getting closer to the simulation of human
motion. The development of biomedical instrumentation,
such as nuclear magnetic resonance (NMR), that can measure
individual-specific anatomical and physiological
characteristics, will play a very important role in
practically supporting the application of a theoretical
model to the coaching and training of athletes.

Dynamic modeling of baseball pitching, one of the most
dynamic and fascinating human motions, may be useful for
training and coaching baseball pitchers to improve pitching
ability and to study injury prevention, if it can be done.
Baseball pitching is accomplished by a sequential
interaction of the body segments, through a link system from
the foot to the throwing hand (Pappas et al., 1985; Moynes
et al., 1986). A mathematical model of a baseball pitcher

could represent the whole body or be restricted to the
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throwing arm (Hubbard and Barlow, 1980). A mathematical
model of the whole body, including individual muscles, is
incredibly complicated and lengthy (Hatze, 1981). It is
beyond the scope of this study.

The shoulder complex is the most complicated and least
successfully modeled among the major joints of the human
body. It is composed of four joints (sternoclavicular,
acromioclavicular, scapulothoracic, and glenohumeral) (Kent,
1971; Dvir and Berme, 1978; Engin and Chen, 1986). Twenty-
one muscles act on the shoulder complex. Among these
muscles, twelve are connected to the body from the scapula
(Hogfors et al., 1987). The glenohumeral joint, the so-
called shoulder joint, is the most mobile of all joints in
the body. Its movements can not be separated from those
of the shoulder complex because all joints and bones in the
shoulder complex function interdependently to generate arm
movement. There is also a paucity of information on the
dynamic modeling of the shoulder complex. Therefore, the
scope of this study will be limited to the motion of the
elbow and wrist joints of the pitching arm, under the
condition that the influence of other parts of body on
pitching is considered as input data and can be obtained by
three-dimensional cinematographic techniques.

The application of optimization theory to find optimal
trajectory of a sport motion, that is essential for training
an athlete, is one of the major objectives of sports

biomechanics (Hatze, 1981). However, dynamic optimization



7
theory is still in the developing stage because of the
limitations of optimization methods currently applied in
analyzing such complex systems as human motions that are
highly nonlinear and large in dimension (Zatsiorsky, 1978;

Hatze, 1981, 1984).

STATEMENT OF THE PROBLEM
The purposes of this study were to a) create a
mathematical model of the human upper extremity that is
applicable to most gross human upper extremity motions and
b) apply the model to the baseball pitching motion, trying
to find the optimal angular trajectories of the elbow and
wrist joints to maximize the velocity of the pitching hand

at the release of the ball.

DEFINITIONS OF TERMS
The following terms, that are frequently used in this

dissertation, are defined to assist the reader.

Acceleration phase of the baseball pitching motion - A

movement of the pitching arm from the maximum external
rotation of the upper arm to the release of the ball.

Anatomical position - A position in which the body is
erect, facing the observer, and arms are at the side with
the palms of the hands facing forward.

Angular trajectory - A changing pattern of the angle of

the elbow or wrist with respect to time.
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Carrying angle - A angle formed between the
longitudinal axis of the humerus and the longitudinal axis
of the forearm when the upper extremity is in the anatomical
position.

Elbow angle -~ ¥, in Figure 1-1.

Figure 1-1. Elbow angle.

Elbow extension - A movement that increases the angle
between the upper arm and the forearm.

Elbow flexion - A movement that decreases the angle
between the upper arm and the forearm.

Experimental angqular trajectory - An angular trajectory
obtained experimentally from the subject.
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Forearm pronation - An inward rotation of the forearm.

Forearm supination - An outward rotation of the
forearm.

Instantaneous center of rotation - The immovable point
generated at an instant time by one segment of a rigid-body
rotating about an adjacent segment.

Optimal angular trajectory - An angular trajectory
generated by simulation or optimization so that the velocity
of the pitching hand at the release of the ball is
maximized.

ted ular trajecto - An angular trajectory
obtained from simulation.

Radio-ulna deviation - A movement of the hand from
anatomical position either away from the body (thumb side
leading) or toward the body (little finger side leading).

Simulated anqular trajectory - An angular trajectory
generated so that a predicted angular trajectory closely
matches the experimental angular trajectory.

Tracking parameters - Distances, velocities, and the
accelerations of the upper arm that were obtained from the
cinematographic analyses to describe the subject's pitching
motion.

Upper arm - The humerus bone and its surrounding soft
tissue between the shoulder and elbow. It should be noted
that the 'arm', technically meaning the humerus bone and its
surrounding soft tissue in medical terminology, is called

the upper arm in this dissertation.
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Wrist angle - ¥, in Figure 1-2.

~ 7
\\
. 00
+

Figure 1-2. Wrist angle.

Wrist extension - A return movement from the wrist
flexion.
Wrist flexion - A movement in which the palmar surface

of the hand approaches the anterior surface of the forearm.



CHAPTER 1II
REVIEW OF RELATED LITERATURE

I. BIOMECHANICAL ASPECTS OF THE UPPER EXTREMITY

A. Elbow Joint and Forearm
1. Analysis of ti

The forearm has two degrees of freedom:
flexion-extension and pronation-supination (Morrey et al.,
1976; Chao et al., 1980; Cochran, 1982; Torzilli, 1982;
Engin and Chen, 1987). The axis of rotation of elbow
flexion-extension (see Figure 3-2) passes through the
centers of the humeral trochlea and capitulum (Morrey et
al., 1976; Chao and Morrey, 1978; London and Pedro, 1981;
Torzilli, 1982).

The instantaneous centers of rotation for elbow
flexion-extension lies within an area 3 mm in diameter
(Morrey et al., 1976; Chao and Morrey, 1978; London, 1981).
The curved portions of the trochlea and capitulum are
considered to be circular in cross section (Youm et al.,
1979; Shiba and Sorbie, 1985). Therefore, the concept of
the single axis of rotation for elbow flexion-extension is
supported by most investigators (Morrey et al., 1976; Chao
and Morrey, 1978; Youm et al., 1979; London, 1981; Cochran,

1982; Torzilli, 1982).

11
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The axis of rotation for elbow flexion-extension is
slightly oblique to the longitudinal axis of the humerus.
The long axis of the ulna deviates laterally and distally
from the long axis of the humerus as the elbow joint is
fully extended. The carrying angle formed between the
long axis of the humerus and the long axis of the forearm
varies during flexion-extension. It has been
controversely reported that the carrying angle varies
linearly (Morrey and Chao, 1976; Chao and Morrey, 1978; Youm
et al., 1979) or sinusoidally (Amis et al., 1977; Youm,
1980) during elbow flexion-extension. Oon the other hand,
London (1981) stated that the carrying angle remains
constant throughout the whole range of elbow flexion.
The carrying angle may depend on individual variation.
The carrying angle lies within 15 degrees in males (Morrey
and Chao, 1976; Amis et al., 1977; London, 1981; An et al.,
1985) . The range of elbow flexion-extension is limited by
the geometry of the joint surfaces and surrounding bone, by
passive supporting structures represented by the collateral,
capsular and other ligaments and by the active muscular
structures represented by muscles and tendons (Cochran,
1982). The range of elbow flexion-extension is
approximately 150 degrees (Rasch and Burke, 1978; Boone and
Azen, 1979; Youm et al., 1979; Cochran, 1982).

The axis of rotation for forearm pronation-supination

(see Figure 3-3) passes through the centers of the head of
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radius and the head of the ulna (Youm et al., 1979;
Cochran, 1982; Tajima, 1985). The range of forearm
pronation-supination has been reported to be between 115
degrees and 175 degrees (Youm et al., 1979; Kapanji, 1982;
Torzilli, 1982).

The motion of forearm pronation-supination is
independent of elbow flexion-extension (Chao and Morrey,
1978; Youm et al., 1979; Torzilli, 1982). The axes of
elbow flexion-extension and forearm pronation-supination are
not orthogonal to each other except when the carrying angle
is zero (Chao et al., 1980).

Though the two motions, elbow flexion-extension and
forearm pronation-supination, do not interfere with each
other, the long axis of the forearm rotates about five
degrees internally during early flexion of the elbow joint
and about five degrees externally during terminal flexion of

the elbow joint (Morrey and Chao, 1976).

ors sors elbow and pronators

Among elbow joint muscles, the biceps brachii,
brachialis, and brachioradialis are considered to be the
major flexors and most studies on the role of elbow flexors
are concentrated on these muscles (Basmajan and Latif, 1957;
Logan, 1970; Bouisset et al., 1976; Rasch and Burke, 1978;
Youm, 1980; Cochran, 1982; An et al., 1983; Van Zuylen et

al., 1988). Braune and Fischer (1889) cited by Bouisset
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et al. (1976) stated that these three prime elbow flexors
represent approximately 85 percent of the total flexion
torque. On the other hand, based on moment arm
measurements, An et al. (1981) demonstrated that the biceps
brachii, brachialis, brachioradialis, and extensor carpi
radialis are the major elbow flexors. However, Cnockaert
et al. (1975) considered the biceps brachii, brachialis,
brachioradialis, pronator teres, and extensor carpi radialis
longus as the elbow flexor group.

The main elbow extensor is the triceps brachii muscle
(Travill, 1962; Logan, 1970; Rasch and Burke, 1978; Cochran,
1982). On the other hand, the anconeus muscle initiates
and maintains elbow extension, and is responsible for the
fine control of movement (Pauly et al., 1967). Based on
the moment arm measurements, An et al. (1981) showed that
the triceps brachii, flexor carpi ulnaris, and anconeus are
the major elbow extensors.

The main éronator muscle of the forearm is the pronator
quadratus (Rasch and Burke, 1978). Supination of the
forearm is primarily performed by the supinator muscle
(Basmajian and Latif, 1957; Rasch and Burke, 1978).

Basmajian and Latif (1957) showed that the short and
long heads of the biceps have similar electromyographic
(EMG) activity during elbow flexion-extension although the
long head is more active than the short head during the
various movements.

The length of the biceps brachii increases as the
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forearm moves from supination to pronation (Provins and
Salter, 1967; Cnockaert et al., 1975). This muscle
contributes to the elbow flexion in a range from 60 to 150
degrees (Ismail and Ranatunga, 1978).

The brachialis is the workhorse for elbow joint flexion
(Basmajian and Latif, 1957). This muscle is consistently
active during flexion of the elbow joint in most movements
(Basmajian and Latif, 1957; An et al., 1983). It was also
reported to be markedly active during quick flexion at the
elbow joint (Basmajian and Latif, 1957). Among the major
elbow joint flexors (biceps, brachialis, and
brachioradialis), the brachialis is the only muscle that is
not changed in length during the pronation-supination of the
forearm (Provins and Salter, 1954).

The brachioradialis has a small cross sectional area
but a large moment arm (Amis et al., 1979). This muscle
can produce fast movement such as a rapid whip-like action
(Basmajian and Latif, 1957; Pauly et al., 1967; Youm, 1980).
The length of the brachioradialis also varies during
pronation-supination of the forearm (Cnockaert et al.,
1975) .

The anconeus and three heads of the triceps brachii
contract simultaneously when elbow joint extension is
performed rapidly (Pauly et al., 1967). The triceps
brachii is a very powerful muscle in the upper extremity

(Amis et al., 1979).
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B. Wrist Joint
1. Analysis of motion

The axes of rotation for flexion-extension and for
radio-ulna deviation of the hand relative to the forearm
pass through the head of capitate bone (MacConail, 1941;
Andrews and Youm, 1979; Volz, 1979; Brumbaugh et al., 1982).
The loci of the instantaneous centers for both flexion-
extension and radio-ulna deviation remain within a circle
with about a 1 mm radius (Andrews and Youm, 1979).
Therefore, the wrist joint is considered to be a simple
hinge joint. According to Brumbaugh et al. (1982), these
axes are nearly perpendicular and intersected at the center

of wrist motion.

2. Prime flexors and extensors of the wrist

Prime muscles for wrist flexion are the flexor carpi
ulnaris and flexor carpi radialis and for wrist extension
are the extensor carpi ulnaris, extensor carpi radialis
longus, and extensor carpi radialis brevis (Youm et al.,
1976, 1978; Rasch and Burke, 1978; Ekenstam et al., 1984;

Tolbert et al., 1985).

II. OPTIMIZATION AND SIMULATION IN BIOMECHANICS
A. Optimization in Biomechanics
Optimization technique has been applied to gross human
motions since the 1970's. Among human motions, the gait

pattern has been extensively studied via optimization
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technique (Chao and Rim, 1973; Chow and Jacobson, 1971,
1974; Seireg and Arvikar, 1975; Hardt, 1978; Pedotti et al.,
1978; Crowninshield and Brand, 1981; Patriarco et al., 1981;
Davy and Audu, 1987).

Gait, associated with normal daily activity, does not
require maximum effort. Therefore, the purpose of
optimization techniques, applied to gait patterns, is to
minimize objective functions such as mechanical energy (Chow
and Jacobson, 1971, 1974), the sum of muscle forces, and
joint moments (Seireg and Arvikar, 1975; Pedotti et al.,
1978; Patriarco et al., 1981). In this kind of
optimization problem, the most important matter is to define
a physiologically rationalized optimal criterion in order
that an optimal solution is biologically meaningful (Hardt,
1978; Peotti et al., 1978; Crowninshield and Brand, 1981).

on the other hand, many sports activities need a
maximum effort from athletes to minimize time or maximize
distance. Therefore, the objective function depends upon
the goal of each sport event. Optimization problems
presented by Hatze (1975) and Ghosh and Boykin (1976) were
directed at minimizing execution time in a kicking action
and performance time in a kip-up maneuver on a horizontal
bar, respectively. The flight distance of a ski jumper,
after take-off, was maximized by Remizov (1984). The
objective function that Hatze (1981) maximized for the long
jumper was velocity at the take-off.

Some optimization studies have employed linear
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programming technique (Seireg and Arvikar, 1975; Hardt,
1978), but most studies were formulated by non-linear
optimization techniques (Chow and Jacobson, 1971, 1974; Chao
and Rim, 1973; Ghosh and Boykin, 1976; Hatze, 1976;
Crowninshield and Brand, 1981; Remizov, 1984; Davy and Audu,
1987). Hardt (1978), who investigated walking patterns,
studied leg muscle forces by a linear programming technique.
He concluded that discrepancies between computed results and
experimental data may be due to the simplistic treatment of
the muscle and the inherent limitations of the linear
programming algorithm.

Gross human motions, in daily activities as well as in
sports activities, can be characterized as a mathematically
non-linear and physically dynamic system. In order to
describe human motion with non-l;near and dynamic
properties, non-linear dynamic optimization techniques are
considered to be the most proper theory (Chow and Jacobson,
1971, 1974; Ghosh and Boykin, 1976; Hatze, 1976; Davy and

Audu, 1987).

B. Simulation in Biomechanics

The major advantage of using simulation of motion to
study sport skills is that one can experiment with
variations of the maneuver before attempting to teach it to
an athlete (Ramey and Yang, 1981).

Simulation studies, that have been published, may be

classified into three categories: type of model, application
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of model, and muscle involvement. The types of models
that have been presented are: three segment rigid-body model
(Hubbard and Barlow, 1980), nine segment rigid-body model
(Ramey and Yang, 1981), 12 segment rigid-body model (Young,
1970), and 15 segment rigid-body model (Gallenstein, 1973;
Aleshinsky and Zatsiorsky, 1978; Hatze, 1981). Simulation
has been applied to various sports skills: free-fall phase
of the long jump (Ramey and Yang, 1981), kick patterns in
swimming (Gallenstein, 1973), walking pattern (Aleshinsky
and Zatsiorsky, 1978), bar clearing maneuver in pole
vaulting (Hubbard and Barlow, 1980), and take-off phase of
the long jump (Hatze, 1981). Muscular dynamics was not an
integral part of these simulation studies except for the
study by Hatze (1981). Hatze's model was two-dimensional.
Currently, a three-dimensional model of the entire human
body, including all prime muscles, has not been seen because

of its extreme complexity.

III. THROWING

There exists a common pattern among most overarm
throwing motions such as baseball pitching and throwing,
tennis serving, water polo throwing, handball throwing,
volleyball spiking, javelin throwing, and football throwing,
(Lindner, 1971; Cooper and Glassow, 1976; Anderson, 1979;
Atwater, 1979; Toyoshima and Hoshikawa, 1983; Whiting et
al.,1985; Joris et al., 1985; Elliott et al., 1986).

The so-called "kinetic link" principle governing
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throwing motions is very clearly described by Kreighbaum and
Barthels (1985) (p. 594-599). The delicate difference of
each throwing pattern in various sport skills may be due to
the difference in the size of the object being thrown,
object weight, purpose of throwing, and rules of the sport.

In order to contrast and to compare various overhand
throwing pattens, the movement is often divided into common
phases: preparatory phase, cocking phase, acceleration
phase, and follow-through (Richardson, 1983; Pappas et al.,

1985; Moyness et al., 1986; Gowan et al., 1987).

A. Baseball Pitching

Baseball pitching is initiated by swinging the hand
upward to an overhead position while turning the trunk away
from the throwing direction and shifting the body weight
from the striding foot to the pivot foot. Preparatory
phase or wind-up begins with these initial movements of the
pitcher and ends when the ball leaves the gloved hand.

This wind-up motion varies from pitcher to pitcher (Hay,
1978; Atwater, 1979; Wickstrom, 1983; Pappas et al., 1985;
Jobe et al., 1986).

The cocking phase starts as the ball leaves the gloved
hand and ends when the maximum external rotation of the
shoulder is reached. After the ball is released from the
gloved hand, the pitching arm is swung backward and
downward. From the instant the striding foot contacts the

ground, the upper arm is abducted, horizontally adducted,



21
and externally rotated until the maximum external rotation
is reached. Maximum external rotation of the shoulder is
limited by the passive restraints of the glenohumeral
capsule and ligaments (Moynes, 1986; Gowan et al., 1987).
The forearm is forced to rotate backward and downward until
it is nearly horizontal in the backward direction and the
elbow joint is extended to approximately a right angle as
the angular velocity of the trunk reaches its peak
(Hay, 1978; Atwater, 1979; Wickstrom, 1983; Pappas et al.,
1985; Feltner and Dapena, 1986; Moynes et al., 1986; Gowan
et al., 1987). During this cocking phase, the forward
rotation of the pelvis is followed by the forward rotation
of the upper trunk (Atwater, 1979; Pappas et al., 1985).

The acceleration phase starts with the forward movement
of throwing arm from the maximum external rotation of the
shoulder and ends with ball release from the hand. This
phase is begun by three actions: continuing trunk rotation,
rapid elbow extension, and shoulder medial rotation
(Atwater, 1979). The upper arm is internally rotated,
slightly adducted and horizontally abducted. The forearm
is pronated and finally the wrist is flexed just before ball
release (Atwater, 1979; Felter and Dapena, 1986; Gowan et
al., 1987). The angular velocities of the pelvis, upper
trunk, upper arm, forearm, and hand reached their peak in a
sequential order (Atwater, 1979).

Follow-through starts with ball release and ends as all

motion is terminated (Jobe et al., 1983; Jobe et al., 1984;
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Pappas et al., 1985). After ball release, the upper arm
continues to rotate internally and begins to abduct and
adduct horizontally (Feltner and Dapena, 1986). The
follow-through is important for control, and the prevention
of injury (Gibson and Elliott, 1987). The follow-through
phase varies, depending on the techniques of the pitchers

(Moynes et al., 1986; Gowan et al., 1987).

B. Electromyographic Study of Elbow and Wrist Joint
Muscles in the Throwing Motion

EMG patterns give information regarding which muscles
are activated in a certain phase of the throwing motion.
EMG patterns also can be used to estimate muscle control
parameters as input to simulation and optimization study.

The biceps brachii muscle showed peak activity with
flexion of the elbow joint during the late phase of cocking
(Moynes et al., 1986; Gowan et al., 1987). The biceps
;howed low activation during acceleration. Triceps
activity was strong throughout the acceleration phase that
is accompanied by rapid elbow extension (Jobe et al., 1984).
Peak biceps activity occurred during the follow-through
phase to decelerate the rapidly extending elbow (Jobe et
al., 1984). The biceps brachii muscle, contributed
primarily to position the throwing arm for the delivery of
the pitch, with greater activity during the cocking phase
and less activity during acceleration phase. The triceps

muscle served primarily to accelerate the throwing arm
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forward with stronger EMG activity evident during the
acceleration phase and less activity during the cocking
phase (Gowan et al., 1987).

Forearm muscles including the brachioradialis, flexor
carpi radialis, extensor carpi radialis longus, extensor
carpi radialis brevis, and supinator demonstrated low to
moderate EMG activity during all phases of pitching (Sisto

et al., 1987).



CHAPTER III
METHODS

This chapter is divided into two parts, rigid-body
dynamics of the upper extremity and muscular dynamics of the

upper extremity.

I. RIGID-BODY DYNAMICS OF THE UPPER EXTREMITY
The upper arm, forearm, and hand, consisting of soft
tissues and body fluids as well as bones, are considered as
rigid-bodies. In this study, the radius and ulna are
treated as separate rigid-bodies. Therefore, the upper
extremity is modeled as a four segment rigid-body dynamic

system.

A. Bones of Upper Extremity

Before proceeding with modeling, the bony structure of
the human upper extremity is briefly reviewed. A similar
review may be found in various anatomy books.

The bones of upper extremity consist of the humerus in
the upper arm, the ulna and radius in the forearm, the eight
carpals in the wrist, the five metacarpals in the palm, and
the 14 phalanges in the five digits (see Figure 3-1). The

upper arm is supported by the two bones of the shoulder

24



25

Clavicle

Upper arm Scapula

t———Humerus

Capitulum
Trochlea
-
Forearm Radius Ulna
) Carpals
_ }/ rp

}.___Metacarpals

| f\

Phalanges

Hand

Figure 3-1. Anterior view of the skeletal system of
the right upper extremity.
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girdle, the scapula and clavicle.
The humerus is the longest and largest bone of the upper
extremity. It articulates proximally with the glenoid
fossa of the scapula at the shoulder and distally with the
radius and ulna at the elbow (see Figure 3-2).

The radius, which is the shorter and more lateral of
the two bones of the forearm, articulates with the capitulum
of the humerus proximally, the carpal bones distally, and
the radial notch of the ulna medially (see Figures 3-2 and
3-3).

The ulna is the longer and more medial bone of the two
in the forearm. The proximal end of the ulna consists of
the trochlear notch, that fits over the trochlea of the
humerus and the radial notch, that articulates with the head
of the radius (see Figure 3-3). The distal end of the
ulna includes a small rounded head and a small conical

styloid process that projects downward.

B. Axes of Rotation for Upper Extremity Segments

The axis of rotation of the humerus passes through the
center of the humeral head and the center of the trochlea
(Morrey, 1976; Youm, 1980) (see Figure 3-2). The axis of
rotation for flexion-extension at the elbow passes through
the centers of the capitulum and the trochlea (Chao et al.,
1980; Torzilli, 1982) (see Figure 3-2). The axis of
rotation for forearm pronation-supination is directed along

a line joining the center of the head of the radius and the
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Figure 3-2. Anterior view of the skeletal system of
the right upper arm.
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Figure 3-3. Anterior view of the skeletal system of
the right forearm and hand.
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distal end of the ulna (Morrey and Chao, 1976; Torzilli,
1982; Tajima, 1985) (see Figure 3-3). The axis of
rotation for wrist flexion-extension that passes through the
head of the capitate may be considered to be at a right
angle to the axis of rotation for forearm pronation-
supination. Note that in this current study th<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>