
 

 
 
 
 
 
 
 
 

ABSTRACT 
 

A Linked-plane Obstacle-set Algorithm for Modeling Broad Muscle Paths: 
Application to the Deltoid Muscle  

 
Bo Xu, M. S. B. M. E. 

 
Mentor:  Brian A. Garner, Ph. D. 

 
 

Computer modeling is commonly used to simulate muscle paths for the study of 

human biomechanics.  Because some muscles, such as broad muscles, have complex 

morphology, modeling the paths of these muscles can be challenging. 

The aim of this study is to develop a new algorithm that quickly and realistically 

models the wrapping paths of broad muscles.  The algorithm treats the muscle as a 

series of elastic bands wrapping around sphere-shaped obstacles.  Each band is 

constrained to lie in its own plane and wrap around its own sphere.  Each band plane 

forms a given angle with respect to the adjacent band plane, with the first band plane 

forming an optimized angle with respect to a fixed reference plane.  The optimization 

seeks to minimize the sum total of all band lengths.  The new algorithm accounts for 

tissue connectivity between muscle fibers in broad muscles, and can reproduce realistic 

muscle moment arm simulations. 
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CHAPTER ONE 
 

Introduction 
 
 

Musculoskeletal Biomechanics 
 
 

Overview of Human Musculoskeletal System 

The musculoskeletal system of our human body is very complex.  From a 

biomechanics perspective it may be considered to involve a passive system and an active 

system.  Coordination of the two systems helps to permit certain body movements while 

also maintaining body center of gravity and balance. 

The passive system is composed of the skeleton and the associated connective 

tissues such as cartilage and ligaments.  It is termed “passive” because it only generates 

forces in response to movements and forces produced by the active system.  Bone is a 

rigid mertialbody that supports our body, transmits forces, and acts as levers for force 

transmission.  Cartilage is an elastic and flexible tissue that cushions the bones during 

motions.  Finally, ligament connects bone to bone, and is designed to restrict movements 

to certain directions to maintain both stability and flexibility within joints. 

The active system is mainly composed of muscles and the attached tendons 

(Figure 1.1).  When stimulated by the neural system, muscles are able to generate forces 

directly by contracting.  Muscle forces are transmitted by tendons to the skeleton to 

control movement and to help maintain body posture. 
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Figure 1.1  Basic components of the musculoskeletal system [1]. 
 
 
Basics of Human Musculoskeletal Biomechanics 

Muscle action mainly involves muscle fibers, tendons, bones and the nervous 

system.  Under the instruction of the nervous system, muscle fibers contract, deforming 

the muscle’s shape and exerting force.  The generated forces pass on to tendons, which 

in turn pull on bones.   

Muscle force is applied to the skeleton at points where the muscles attach to 

specific bones.  The line of action of the muscle force determines the angle at which the 

muscle force is applied to the bone at each attachment site.  The relationship of this line 

of action to the articulating joints connecting the bones affects how the linear force 

action is translated into a rotational moment action on the bones.  The factor relating 

linear force to rotational moment is known by many names including the “lever arm” or 

“moment arm.”  In biomechanics, a muscle’s leverage to produce moment about a joint 

is known as the “muscle moment arm” for that joint, and generally varies in magnitude, 

and possibly direction, as the joint moves. 
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Muscle produces forces both due to passive elastic properties and to active 

contraction in response to neural stimulation (i.e., “activation”).  The passive force-

length response represents the steady-state force at zero activation for various isometric 

lengths.  The fully active force-length response represents steady-state force at full 

activation for different isometric lengths.  This response diminishes with less-than-full 

activation, and also with increasing muscle-shortening velocity.  The total muscle force 

is the sum of the active force and the passive force (Figure 1.2).  The capacity of a 

muscle to produce force may be considered as the steady-state force of a muscle, given 

its current length and shortening velocity, when fully activated by the neural system. 

 

 
 

Figure 1.2  Muscle length-force property. 
 
 

Experimental and Computational Methods in Musculoskeletal Biomechanics 

 
Experimental Methods 

Many aspects of musculoskeletal biomechanics can be revealed using 

experimental methods (Figure 1.3).  The methods may involve living human subjects, 
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cadavers, or animals.  Quantities such as gross body motions (by motion capture 

systems), external reaction forces (by force plates, load cells, or other force transducers), 

and even electrical signals (by electromyography, or EMG electrodes) generated by 

muscles when they activate can be recorded experimentally from live subjects [2].  

Studies of human cadaver specimens can reveal much about the anatomy and the 

structure of anatomical tissues including bones, muscles, articulating joint surfaces, 

ligaments, tendons, and many other components.  Studies involving animals may be 

used, for example, to simulate human response to surgical methods, orthopedic implants, 

exercise regimes, and the like. 

 

 
 
Figure 1.3:  Experimental methods to study musculoskeletal biomechanics:  (a) 
Electromyography [3];  (b) Reflective motion markers [4]. 
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However, experimental methods have limitations generally related to the 

inaccessibility of the inner workings of our human body.  For example, measurement of 

internal forces occurring within bones, joints, and muscles during human activity is 

generally impractical because it would require invasive procedures that would be 

ethically undesirable and may also adversely interfere with the subject’s performance.   

However, there have been some studies that used invasive procedures on a very 

limited number of subjects, most often on the researchers themselves.  For example, Dr. 

Richard Lieber from UC Davis [5] developed a laser diffraction tool to measure muscle 

sarcomere length during motions of animals as well as intraoperatively in human 

subjects. He used this device on himself and was able to measure human wrist muscle 

length. 

 
Complementary Role of Computer Modeling  

With the emergence of fast processing computers at the end of the last century, 

researchers have started to use computer modeling to study biomechanics (Figure 1.4).  

Using computer modeling such properties as the dynamics of skeletal motion, the 

changing geometry of anatomical tissues, the dynamics of muscle activation, and even 

neural stimulation and coordination of muscles can be simulated.  Computer modeling is 

a valuable tool that allows researchers to simulate both the outer and inner workings of 

the human body.  Simulated quantities that can also be measured experimentally may 

either be fed into a computer simulation or compared between the simulation and 

experiment.  For example, a recorded body motion may be fed into a simulation to 

compute the forces required to generate that motion.  Alternatively, the computer 

simulation can be asked to generate both the forces and motions of a biomechanical  
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Figure 1.4  Computer modeling methods to study musculoskeletal biomechanics:  (a) 
Anybody Tech—occupational health [6].  (b) Computer modeling of a leg, with 9 
degrees of freedom.  (c) & (d) Mathematical model of the vocal folds and the glottal 
flow for studying vocal folds deformation, and glottal fluid-structure interaction [7]. 
 
 
activity, and then these may be compared with similar data measured experimentally.  In 

either case, the computer model provides insights into what is happening inside the body 

to produce what is observed outside the body.  Computer modeling offers a  

convenient platform to manipulate the data from experiments, and to simulate the data 

that is not accessible during experiments. 

Of course, the results of a computer model and simulation are only as good as 

the model is able to accurately reproduce the actual biomechanics occurring in the body.  

Therefore, it is desirable to derive and validate a model based on as much 

experimentally available information about the real system as possible.  For example, 

many computer models are now derived from medical images such as CT or MRI, 

which provide a snapshot of the internal anatomy.  A series of two-dimensional medical 
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images may be taken at very high resolutions, and then reconstructed to recreate the 

three-dimensional geometry of anatomical structures such as bones and muscles.  In this 

way, a computer model may be derived and constructed based on actual anatomical 

dimensions. 

 
Importance of Modeling Paths of Muscles 

Common to all the various approaches for modeling musculoskeletal 

biomechanics is the need for defining a mathematical model for the muscle path.  The 

description of the muscle path is a foundation upon which many other aspects of the 

computer model builds.  Representation of the muscle paths determines the muscle’s 

attachment sites and trajectory between attachment sites.  These factors directly 

influence both the point of and direction of the force applied to the bone.  In addition, 

the muscle path influences how large the muscle force can be because it determines the 

muscle length, which, by virtue of a muscle’s force-length properties, determines a 

muscle’s force capacity.  Failure to model the muscle paths realistically could greatly 

distort the research results from musculoskeletal modeling studies. 

A muscle path is the line-of-action of a muscle fiber as it wraps over bones and 

other tissues on its way from origin to insertion.  A muscle fiber starts from one 

attachment site on the origin bone, deforms its shape to wrap around the joint, and 

inserts onto another articulating bone, generating a torque to pull one articulating bone 

toward another.  A proper definition of muscle paths in musculoskeletal models includes 

the specification of the origin and insertion sites, a description of the joint and joint 

motion, and a description of the wrapping shape of the muscle fibers between 

attachment sites.  A good model of muscle paths will permit ready calculation of the 
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lengths of muscle fibers along the breadth of a muscle, and the direction of the line-of-

action of these muscle fibers, as the joint moves with body motion. 

Numerous research efforts employing a wide variety of approaches have been 

used to model muscle paths.  These approaches have been used in various applications 

including the design of muscle repair surgery, the planning of rehabilitation after 

surgery, and the improvement of posture during sports activity [8].   

 
Challenge of Modeling Broad Muscles 

Some muscles in the body, such as the deltoid and gluteal muscles, have a 

geometry that is broad and fan-shaped.  The attachment sites can cover a rather large 

area on the attaching bone.  Many muscle fibers, running in relatively parallel paths, 

form the breadth of the muscle, and each fiber contributes its own force to the attaching 

bones.  These types of muscles are challenging to model because of their complex 

shape, and because their shape tends to change and distort as the attaching bones and 

underlying anatomical structures move. 

In order to build muscle path models for broad muscles, the properties of the 

muscle fibers and anatomical constraints of the surrounding tissues need to be taken into 

consideration.  Attachment sites for broad muscles are not generally a single point, but 

may have different layers and cover a wide area.  The respective positions of the origin 

and insertion sites directly influence how the muscle force is transmitted to the bone.  

So, the origin and insertion sites need to be carefully modeled.  Many muscle fibers lie 

parallel at the original relaxed positions. But when the joint is moved to certain 

configurations, the shape of the underlying tissues for each muscle fiber may change.  

Since the wrapping surface for each muscle path changes, individualized constraining 
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conditions need to be simulated in the model.  Quantifying the parameters required to 

describe these types of anatomical constraints for each section of a broad muscle can be 

very challenging.  

Another challenge in modeling broad muscles is simulating the coordination of 

the muscle fibers within a muscle.  Muscle fibers run generally parallel to each other 

along the line-of-action, held together by connective tissues such as the epimysium, 

endomysium, and perimysium, which serve to ensheath the muscle fibers within 

different layers (shown in Figure 1.1).  Because of these connective tissues the muscle 

fibers generally move together as a solid, yet deformable, shape.  Most previous efforts 

to model muscle paths have ignored this connectivity, and have assumed that each 

section of muscle fibers, or muscle band, wraps around underlying structures somewhat 

independently from the others.  Results from some of these previous studies (such as 

[11]) indicate that ignoring the connectivity between muscle fibers can lead to 

unreasonable behavior of the muscle paths during motion simulation.  Previous efforts, 

such as Blemker et al. [10], using methods that do account for interconnectivity between 

muscle fibers tend report very slow computation times that are not practical for in-depth 

simulation.  The challenge, therefore, lies in how to account for the internal connectivity 

between muscle fibers in a way that the model can be realistic, robust, and 

computationally efficient. 

 
Brief Summary of Previous Types of Algorithms 

A number of algorithms have been developed so far to model muscle paths, 

including the straight-line model, line-segments with via-points model, obstacle-set 

model, and three dimensional, finite elements model, [9]-[11]. 
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All of these algorithms except the finite element algorithm model muscle paths 

as a single band through which muscle force is assumed to be transmitted.  Broad 

muscles are often modeled using multiple, independent bands.  Since the internal 

connectivity between muscle tissues is not taken into account, these algorithms lack a 

certain degree of realism.  The finite element model accounts for the connection of 

tissues within a muscle by modeling the entire structure of the muscle with finite 

elements.  This approach is especially relevant for broad muscles whose shape is clearly 

influenced by adjacent fibers within the muscle. 

As will be described more fully in Chapter Three, each previous model has its 

advantages and disadvantages.  The simple method of the straight line model is very 

easy to implement and solves extremely quickly, but only provides an accurate muscle 

path representation for very short and simple muscle fibers that traverse essentially 

straight lines between attachment sites.  The via-points model introduces additional 

points of traversal so that the muscle path is a connected series of straight lines between 

attachment sites.  This method is also simple and speedy, but still lacks geometric 

realism for many types of muscles.  The obstacle-set model, which simulates muscle 

fibers as independent elastic bands wrapping frictionlessly around simple geometric 

shapes, offers nice simulations of thin muscles, but can have problems modeling broad 

muscles realistically due to the fact that each band is considered independently without 

regard to interconnectivity.  The finite element algorithm can offer good realism, but is 

fairly complex to implement and is very expensive in terms of computational time.   
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Purpose and Overview of Thesis Research 

 
Purpose 

The purpose of this research was to develop a robust new algorithm specifically 

designed to quickly and accurately model the wrapping paths of broad muscles.  The 

new algorithm seeks to combine the computational efficiency of methods such as the 

obstacle-set method with the geometric realism of methods such as the finite element 

method.  The research was particularly focused toward the challenges posed by 

modeling broad muscles such as the deltoid at the shoulder. 

 
Overview of Thesis 

The remaining chapters in this thesis are organized as follows.  Chapter Two 

provides a review and summary of broad muscles in the human anatomy for which the 

new modeling approach may be applicable.  Chapter Three describes in more detail the 

previous muscle modeling approaches and their respective advantages and 

disadvantages.  Chapter Four details the general steps of the proposed new muscle path 

modeling algorithm.  Chapter Five illustrates application of the new algorithm for the 

specific case of the deltoid muscle at the shoulder.  Chapter Six summarizes some 

results regarding the performance of the algorithm in general and as applied to the 

deltoid muscle.  Chapter Seven provides points of discussion and conclusion related to 

the new algorithm.  Finally, Appendices A through C provide additional details of the 

algorithm deemed too mundane for inclusion in the main text. 
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CHAPTER TWO 
 

Broad Muscles in the Human Anatomy 
 
 

Types of Muscle Geometries 

There are generally two types of muscle geometries:  long and slender muscles, 

and broad muscles.  The long and slender muscle forms a thin bundle which originates 

from a small site on one articulating bone and inserts to a small area on another 

articulating bone.  Broad muscles form a thick, fan-shaped bundle which attaches to the 

articulating bones with large areas.  Most of the information here is obtained from the 

anatomy book [1]. 

 
Definitions of Muscle Origin and Insertion 

The concepts of muscle origin and insertion need to be defined here before the 

introduction of several broad muscles.  The articulating bones usually respond to a 

specific motion with different degrees.  The attachment sites on the stable bone are 

called the origin, and those on the more movable articulating bone are called the 

insertion.  For example, the biceps brachii is attached to the shoulder blade (also called 

scapula) at one end and to the ulna at the other end.  When the bicep contracts, it 

shortens and generates tension to pull the ulna upwards toward the shoulder blade.  

Here, the biceps brachii originates from the shoulder blade and inserts onto the ulna. 
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Examples of Broad Muscles 

 
Gluteal Muscles 

 
Gluteus Maximus.  This is the largest, heaviest, and most superficial among all 

the gluteal muscles (Figure 2.1 (a)).  Its fibers are thick and coarse, and it forms the bulk 

of the buttock mass.  It originates from the dorsal ilium, sacrum, and coccyx, and all the 

muscle fibers unite to form the iliotibial tract which inserts onto the femur.  It extends 

and rotates the thigh laterally, and is the prime mover of thigh extension.   

 
Gluteus Medius.  This is a thick muscle largely covered by the gluteus maximus 

muscle (Figure 2.1 (b)).  This muscle originates from the ilium between the surfaces of 

the anterior and posterior gluteal lines, and inserts by a short tendon onto the lateral 

aspect of the greater trochanter of the femur.  It contributes to the motions of abduction 

and medial rotation of the thigh, and is also the prime mover of pelvis tilting.   

 

 
 

Figure 2.1  (a) Gluteus maximus.  (b) Gluteus medius [12]. 
 
 
Abdominal and Back Muscles 

 
Abdominal External Oblique.  Located along the lower lateral side of the 

abdomen, this is the largest and most superficial among the three lateral muscles (Figure 
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2.2 (a)).  This muscle originates by strips from the outer surfaces of the lower eight ribs, 

and most fibers insert into the linea alba.  When acting individually, this muscle aids 

muscles of the back in trunk rotation and lateral flexion.   

 
Latissimus Dorsi.  This is a broad, flat, and triangular muscle located along the 

lower back at the lumbar region (Figure 2.2 (b)).  It originates indirectly via the 

lumbodorsal fascia into the spines of the lower six thoracic vertebrae, lumbar vertebrae, 

lower ribs, and iliac crest.  It forms spirals around the teres major to insert on the floor 

of the intertubercular groove of the humerus.  It is the prime mover of arm extension, 

and also contributes to arm adduction and shoulder medial rotation.  In activities like 

swimming, striking a blow, or hammering, this muscle plays an important role to pull 

the arm down.  

 

 
 

Figure 2.2  (a) Abdominal external oblique [13].  (b) Latissimus dorsi [14]. 
 
 
Shoulder Muscles 

 
Pectoralis Major.  This is a large, fan-shaped muscle covering the upper portion 

of the chest (Figure 2.3 (a)).  It originates from several bones, including the clavicle, 
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sternum, cartilage of the ribs, and an aponeurosis of the external oblique muscle.  It 

converges to a short tendon which inserts into the greater tubercle of the humerus.  

Pectoralis is the prime mover of arm flexion, and also contributes to other motions such 

as adduction.  Thus, it can help to fulfill motions such as climbing, throwing, and 

pushing. 

 
Deltoid.  It is a thick multipennate muscle forming the round shoulder, which 

arises as three major fiber sets (Figure 2.3 (b)).  The three fiber sets originate from the 

lateral third of the clavicle, the upper surface of the acromion, and the spine of the 

scapula.  The three sections of fibers unite into a thick tendon that inserts onto the 

middle of the lateral aspect of the humerus by forming a V-shaped area.  Deltoid is the 

prime mover of arm abduction.  It is also responsible for adduction, extension, flexion, 

medial rotation, and lateral rotation.  The deltoid muscle swings the arm during rhythmic 

walking, for instance. 

 

 
 

Figure 2.3  (a) Pectoralis major.  (b) Deltoid [15]
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CHAPTER THREE 
 

Previous Muscle Wrapping Algorithms 
 
 

Straight-line Algorithm 

In the straight-line model [9], a muscle path is described by a straight muscle 

band connecting directly between the origin and the insertion sites.  Fixed positions on 

the articulating bones are selected as the muscle fiber attachment sites, and straight lines 

connecting the two attachment sites are used to simulate the muscle fibers.   

Since only two points, the origin and the insertion sites, are involved in this 

algorithm, it is fairly easy to implement.  As shown in Figure 3.1 (b), when the joint 

moves, the attachment sites move with the joint, causing the shortening or elongating of 

the straight-line muscle fibers.   

 

 
 

Figure 3.1  Straight-line muscle path model. 
 
 

A single straight-line model is applicable only when the muscle path does not 

encounter any anatomical constraint along its muscle path.  This limits the model only to 

be applied to muscles that are short and straight, or muscles that have a straight 
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configuration during certain, limited ranges of interest.  Clearly, if the muscle path 

becomes more complex than a straight line, the straight line-model becomes inadequate. 

 
Line-segments with Via-points Algorithm 

Via-points are positions used to simulate where various anatomical obstacles 

constrain the muscle paths (Figure 3.2).  The via-points algorithm defines the muscle 

paths to be a series of straight-line segments that pass through via-points along the 

muscle line-of-action from origin to insertion.  Fixed positions on the respective bones 

involved at a joint are selected as the muscle fiber attachment sites, and straight lines 

between these attachment sites or via-points are defined as the muscle path.  The via-

points are chosen to represent specific anatomical constraints for the muscle path. 

 

 
 
Figure 3.2  Via-points muscle path model.  Via-points in (a) and (b) are all active.  One 
of the via-point in (c) becomes inactive when the joint is moved to a certain angle. 
 
 

In the former straight-line model, the muscle path passes a straight line between 

attachment sites.  This rarely happens in real muscles.  There are usually connective 

tissues or bone structures on the way from origin to insertion.  In this model, via-points 

are defined to represent the positions of those obstacles.  A muscle path may engage and 

release contact with the obstacles it encounters, thus causing the via-points to become 
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either active or inactive.  When a muscle path moves toward an obstacle, the via-point 

defined to represent that obstacle will become active and constrain the muscle path to 

deform into one more segment.  Otherwise, when the muscle path moves away from an 

obstacle, the via-point gets deactivated and the muscle path will be decreased by one 

segment.  A muscle can pass through an unlimited number of via-points.  The more via-

points that are defined, the more complex kinematic behaviors the muscles can achieve.  

But more attention also needs to be paid for avoiding unrealistic muscle paths. 

The via-points algorithm is simple to apply, but it still has application 

limitations.  The via-points representing the constraining anatomies inside the human 

body would move, while in this model they are defined to be fixed on a bone.  Besides, 

in reality, there are more complicated muscle configurations, such as the muscle fibers 

wrapping around the muscles or bones that are curly shaped.  So the straight segments 

lack the capacity to express the curly shapes accurately. 

 
Obstacle-set Algorithm 

The obstacle-set model developed by Garner and Pandy [11], simulates the 

muscle paths wrapping around obstacles (Figure 3.3).  The muscle path, modeled as 

elastic rubber band, wraps around obstacle-sets modeled by simple geometries to 

represent the anatomical constraints underlying muscles.   

The typical elastic band consists of straight line segments and curved line 

segments, joined together by via-points. The straight line segment, for example, starts 

from the origin of the muscle path at one end, and extends itself at the other end to form 

a straight line inserting onto the surface of an obstacle-set.  The curved line segment 

represents the wrapping path around the obstacle-set between two via points.  But when 
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the obstacle-set is not an active part in the muscle path model, the whole muscle path 

consists only of a single straight line.  The bones and tissues a muscle path wraps around 

are represented by simple three dimensional geometries such as a cylinder, a sphere, or 

any combination of those two (Figure A.1), which are referred above as obstacle-set.   

 

 
 
Figure 3.3  Successful obstacle-set muscle path model for biceps brachii [11].  Two 
cylinders are used to model the anatomical constraints underlying the muscle paths of 
biceps brachii. 
 
 

The obstacle-set model provides good realism for the modeling, but the 

algorithm is much more complex than the former two models.  The sphere obstacle-set 

model is an example.  The optimal muscle path is assumed to be achieved by 

maintaining each muscle path in its own plane constrained by the sphere center.  

Transition-points are defined as the tangent points on the sphere where the straight-line 

segment contacts the sphere.  Each muscle path stays in its own plane that runs through 

the center of the sphere and both attachment sites. 
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The obstacle-set model introduces a method to model the curly shaped muscle 

path, which is more realistic than the former methods.  However, as found in Garner and 

Pandy [11], this obstacle-set muscle path model also has its limitations in simulating 

broad muscles.  In human anatomy, muscle fibers within a muscle act interactively.  But 

in this algorithm, each muscle path stays in its own plane and behaves independently.  

Therefore some muscle paths will slip off the obstacle set to an unrealistic configuration, 

when the joint is moved to certain positions. 

 
3D Finite-element Algorithm 

The three dimensional model developed by Blemker et al. [10] constructs a finite 

element mesh model for muscles by defining geometric parameters for each muscle 

fiber (Figure 3.4).  A template mesh that is in the shape of a cube undergoes a mapping 

process predefined by some constraining conditions to create a target mesh that 

represents the geometry of a unit of a specific muscle fiber.   

This model can represent a muscle path with complex geometry through 

complex path motion of multiple degrees of freedom.  With muscle tissue mechanics, 

connectivity between the muscle fibers and surface contact with underlying anatomical 

structures taken into account, the simulation result of this model is very realistic.  It does 

not require the definition of via-points or the obstacle-set representing the wrapping 

surface.  Because the model is built in three dimensions, it is able to generate simulation 

at any joint configuration.  The predicted shape changes for the three dimensional 

models are generally and relatively consistent with the shape changes estimated from the 

magnetic resonance images. 
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However, as many parameters for each muscle path need to be computed based 

on the boundary conditions, and there are numerous muscle paths created for a muscle, 

this three dimensional finite element method is computationally very expensive. It takes 

about 5 to 10 hours to run a single program on a super computer. 

 

 
 
Figure 3.4  Three dimensional finite-elements model for the gluteus maximus and the 
gluteus medius [10]. 
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CHAPTER FOUR 
 

The Linked-plane Obstacle-Set Algorithm 
 
 

Overview of Method 

In the linked-plane obstacle-set algorithm a broad muscle is represented by a 

number of generally parallel bands spanning from a range of points representing the 

origin site to a corresponding range of points representing the insertion site.  Each 

muscle band consists of a straight line segment, a curved line segment, and another 

straight line segment.  Each straight line segment is an unencumbered segment 

connecting one attachment site and one transition-point.  The transition point marks the 

start of the curved line segment, which is formed by the band wrapping around a single 

sphere obstacle (See Figure 4.1). 

 

 
 

Figure 4.1  A single band wraps around a sphere.  Planes and their orientation norm are 
in the same color.  Vector ],,[ cba is the orientation norm for the muscle path plane.  P  
and S  are the origin and insertion sites, and Q  and T  are the transition-points.  And φ  
is the reference angle between the first muscle band plane and the reference plane. 
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In the linked-plane algorithm each muscle band is defined to lie in its own plane, 

which contains both band attachment sites, and forms a specified angle with respect to 

another plane (Figure 4.2).  The plane of the first band in the broad muscle is described 

to form a particular angle with respect to a global reference plane defined to provide a 

fixed, though somewhat arbitrary reference orientation.  The plane of each other band in 

the muscle is described to form a specified angle with respect to the plane of the 

adjacent band in the muscle, starting with the first band and progressing through each 

subsequent band.  As the joint configuration changes, the angle formed between the first 

band plane and the reference plane is optimized to obtain the least sum total length of all 

the muscle bands.  The angles between planes of adjacent bands remain fixed so that all 

band planes rotate together about their respective attachment sites.  In this way, the new 

algorithm accounts for the interconnectivity between muscle bands and avoids the 

slipping problem that occurs in the previous sphere-obstacle-set method [11]. 

 

 
 

Figure 4.2  Multiple bands wrap over sphere obstacles.  φ  is the reference angle, θ is the 
angle between each adjacent muscle band plane. 
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Principles of Single Band Wrapping Around Sphere 

A single muscle band wrapping around the sphere obstacle consists of an origin, 

an insertion, two transition-points, and a sphere-shaped obstacle.  The origin and 

insertion are positions fixed on the respective articulating bones.  The two transition-

points are the tangent points on the sphere where the muscle path meets the obstacle and 

transitions from one segment to another.  A sphere is defined as the anatomical 

constraint the muscle path wraps around.  The following paragraphs explain how the 

wrapping path of a single muscle band is achieved mathematically within the linked-

plane algorithm.   

In the original sphere-obstacle-set algorithm, it was assumed that the optimal 

muscle path was achieved when the absolute minimum length of the individual muscle 

band was obtained.  In order to get the minimum length configuration for the single 

muscle band, each muscle band must lie in its own plane that contains both attachment 

sites and the sphere center.  In this new algorithm, we release the muscle path plane 

from passing through the sphere center.  Instead we constrain the muscle path plane to 

form an angle with respect to another plane.  The rationale for this new approach is that 

the optimal muscle path occurs when the sum total lengths of all bands in the broad 

muscle is minimized (i.e., when the elastic potential energy of the entire broad muscle 

band is minimized), rather than minimizing the length of each band individually. 

Solving for the path of an individual muscle band begins with known locations 

of the band origin and insertion sites, the sphere center and radius, the orientation of a 

local reference plane, and the angle to be formed between the local reference plane and 

the band plane.  From these inputs the orientation of the plane containing the band path 
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is computed as that plane containing both attachment sites and forming an angle phi 

with respect to the local reference plane.  Passing through the attachment sites leaves 

only one degree of rotational freedom for the band plane, and this degree of freedom is 

selected to offset the band plane’s orientation from the local reference plane’s 

orientation by an input angle phi.  Mathematical details of how this calculation is 

performed are given in Appendix B. 

Once the muscle band plane has been determined, the path of the band within the 

plane and around the sphere is calculated.  The intersection of the plane and sphere 

forms a circle in the plane with a radius less than or equal to that of the sphere.  Note 

that in the case where the plane does not intersect the sphere, the band path is assumed 

to degenerate into a simple straight line path between attachment sites.  The center and 

radius of the intersection circle is determined by computing the distance from the sphere 

center to the plane, and projecting the sphere center onto the plane by that distance.  

Once this circle is know within the band plane, the tangent points from each attachment 

site to the circle in the plane are easily computed, completing the description of the band 

path.  Mathematical details of these calculations are provided in Appendix C. 

 
Principles of Solving for All Bands Simultaneously 

The previous section describes how a single muscle band within a broad muscle 

is determined to wrap around its sphere based on the presumed known orientation for its 

local reference plane.  This section explains how the local reference planes are 

determined and how the overall configuration of the entire broad muscle is optimized. 

Details will be given in Appendix D. 
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The broad muscle is formed by a number of muscle bands which represent the 

muscle’s breadth from one end of the attachment area to the other.  These bands are 

considered in sequence, with the first band being on one end of the attachment area and 

the last being on the other end.  As noted, each muscle band is constrained to lie within 

its own plane that forms a specified angle with respect to a local reference plane.  The 

local reference planes for all bands but the first in the broad muscle are defined to be the 

band plane of the preceding, adjacent muscle band in the sequence.  The specified angle 

between these muscle bands is assigned a fixed value that forces the bands to be 

distributed so as to form the breadth of the muscle.   

The first muscle band has no preceding adjacent band to provide a local 

reference plane.  Instead, the orientation of the first muscle band’s plane is measured 

against a global fixed reference plane whose orientation can be somewhat arbitrary.  

Also, the angle theta formed between the first band plane and the global reference plane 

is not fixed like the other planes, but is varied so that the orientation of the first band 

plane can be rotated around its respective attachment sites.  Of course, when the first 

band plane is rotated, that causes the second band plane to rotate because it references 

against the first band plane, and so on along the entire breadth of the muscle.  Therefore, 

variations in the angle theta cause the entire muscle to rotate and slide to-and-fro 

sideways as all the band planes rotate about their respective attachment sites.  However, 

even as the muscle rotates and slides, its breadth is maintained due to the fixed angles 

constraining adjacent muscle band planes within the broad muscle. 

The configuration of the entire muscle is thus controlled by the variation of a 

single variable theta.  As theta varies, the orientation of each band plane varies, and the 
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path of each band is recomputed according to the rules for a single band path as 

described in the previous section.  Naturally, the path around each band’s fixed sphere 

obstacle will also vary as the band plane orientation varies, resulting in computed band 

paths whose lengths vary along with theta.  The optimum configuration of the muscle is 

assumed to be where the elastic potential energy is minimized, and so the value 

ultimately assigned to the angle theta is computed as that resulting in the least sum total 

of all muscle band lengths. 

Computation of the optimal value of theta, and thus the overall broad muscle 

path configuration, may be accomplished by any line-search optimization algorithm.  

The single variable is the value of theta, and the optimization criterion is the sum of the 

lengths of all band paths.  For a given value of theta, the band plane and corresponding 

path configuration of the first band is determined with respect to the global reference 

plane.  Then, the path configuration of each subsequent band is determined in turn with 

respect to the plane of the preceding band, until all band path configurations (and 

thereby band path lengths) have been determined.  In this way the optimal value of theta 

can be found. 

For the purpose of testing the algorithm in this study, a simple quadratic line-

search optimization algorithm was used.  The value of theta was varied from some 

nominal initial value until three values were found that formed a hi-lo-hi sequence in the 

optimization criterion.  A quadratic equation was then fit to these three points, and the 

value of theta corresponding to the quadratic minimum was computed.  This new value 

of theta became the new test point, which was combined with two of the previous three 

points to provide a new hi-lo-hi pattern.  This cycle was repeated in iterative fashion 
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until a convergence was reached where the optimization criterion was no longer 

improved substantially by further iteration.  In practice, solutions of the muscle path 

configuration beyond the first, initial solution required only about three to five iterations 

for a convergence of less than 10-4 mm on the sum total of all band lengths. 

 
Parameters Required for Defining Muscle Path 

Implementation of the linked-plane algorithm requires that certain parameters be 

defined for modeling any given broad muscle.  These parameters include: the number n 

of bands desired to represent the breadth of the muscle; the locations of the origin P and 

insertion S sites for each band; the location C and radius R of the obstacle sphere for 

each band; the orientation N of the global reference frame; and the fixed angle phi 

defining the muscle breadth between each adjacent muscle band. 

 
Variations of Algorithm 

The algorithm as described permits substantial flexibility for variation.  For 

example, theoretically any number of bands could be used to represent the breadth of the 

muscle.  All bands could share a common sphere obstacle, or different sphere obstacles 

could be defined for each band.  The sphere obstacles could be fixed with respect to the 

ground, they could be fixed on moving bones, or they could move with their own 

defined motion path.  The angle phi could be common for all bands, or each band could 

have a unique value of phi.  In all of these combinations, the basic principles and steps 

of the algorithm remain the same, and the path configuration of the broad muscle can be 

computed. 
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CHAPTER FIVE 
 

A Case Study:  Modeling the Human Deltoid Muscle 
 
 

Overview 

A case study is carried out to implement the linked-plane obstacle-set algorithm 

to model the deltoid muscle.  Fibers from the three heads of the deltoid are represented 

in a three-dimensional model of the human shoulder.  The deltoid model is used to 

compute muscle lengths and muscle moment arms over the shoulder range of motion in 

three degrees of freedom.  The simulated muscle length and moment arm data are 

compared with similar data obtained from experimental studies reported in the literature. 

 
Experimental Studies of Deltoid Moment Arms 

 
Moment Arm Calculation 

The classical way to calculate a moment arm (or lever arm) is as the 

perpendicular distance between the force line of action and the axis of rotation.  In 

muscle moment arm calculations, however, this approach is deficient because the 

muscle line of action may change over the length of its path as the muscle wraps around 

obstacles.  Therefore, in this and most other studies investigating muscle moment arms, 

the method of muscle fiber excursion versus the joint displacement is used to calculate 

the instantaneous muscle moment arms.  That is, in short, the muscle moment arm is 

taken to be the partial derivative of the muscle length with respect to the joint angle in 

the direction of the joint degree of freedom (Equation 5.1).   
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Three Heads of Deltoid 

The deltoid muscle has three heads:  the anterior head, the medial head, and the 

posterior head.  The anterior head originates from the anterior border and upper surface 

of the lateral third of the clavicle.  The medial head originates from the lateral and upper 

surface of the acromion.  Finally, the posterior head originates from the spine of the 

scapula, as far back as the triangular surface at its medial end.  All three heads span over 

the glenohumeral joint and unite into one beam to insert onto the shaft of the humerus. 

 
Arm Movements Studied 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 5.1  The thoracic system defined by the Mayo Clinic [16]. 
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Several experimental studies appearing in the literature have reported muscle 

moment arms for the deltoid muscle ([16]-[18]).  Most of these studies have looked at 

the motion of shoulder abduction in the scapular plane, also known as “scaption.”  A 

more comprehensive study conducted at the Mayo Clinic also looked at the motions of 

shoulder flexion in the sagittal plane, and pure abduction in the frontal plane.  These 

studies derive data from cadaver specimens, mostly from elderly cadavers.  For scaption, 

the scapular plane is defined as that plane obtained by rotating the frontal plane 

anteriorly by 30 degrees about a vertical axis (shown in Figure 5.1). 

 
Three Studies from Which Moment Arm Comparisons Were Made 

The research carried out by Kuechle et al. [16] at the Mayo Clinic focused on 

shoulder muscle moment arms during flexion, scaption, and abduction.  Muscle 

excursion was measured with a bank of potentiometers, and the three dimensional 

glenohumeral angles were recorded by a 3Space Tracker.  The moment arm values for 

the anterior, medial and posterior fibers of the deltoid were derived by recording muscle 

length as the joint was moved, and then differentiating length values with respect to the 

joint angle variations.  Data were collected at a frequency of 30 Hz during a 5 s period. 

The final moment arm was calculated and plotted against the humeral angle at 1 degree 

intervals. 

Similar research was carried out by Liu et al. [17], whose study concentrated on 

the role of the deltoid during shoulder elevation from 0 degrees to maximal range in the 

scapular plane in each of five axial humeral rotation conditions:  neutral position, 30 and 

60 degrees internal, and 30 and 60 degrees external.  The angular displacement of the 

glenohumeral joint was also recorded by the 3Space Tracker, while the elongation of the 
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muscle band was measured by potentiometers connected to nylon lines sutured onto the 

anterior, medial and posterior muscle heads.  Muscle excursion values and angular 

displacement data were recorded at a rate of 30 Hz with a time duration of 10 s. Moment 

arms were also computed at 1 degree intervals of the humeral angle. 

A study by Otis et al. [18] also explored the relationship between shoulder 

scaption and muscle moment arms.  A goniometer with a magnetic base and an indicator 

was mounted to a bar inserted into the humerus to directly record the humerus angular 

displacement.  A thin stainless-steel wire was overlaid along each deltoid muscle band 

of interest.  Scaption data was collected at an increment of 15 degrees in the plane of the 

scapula from 0 to 75 degrees, with the humerus in neutral rotation, 30 degrees of internal 

rotation, and 30 degrees of external rotation.  In addition, rotation experiments were 

done at an increment of 15 degrees from 45 degrees of internal rotation to 45 degrees of 

external rotation, with the humerus raised 0, 15, 45, and 60 degrees in the scapular plane. 

 
Computer Model of the Deltoid Muscle 

 
Bones and Muscles Reconstructed from Medical Images 

The computer model of the deltoid muscle was derived from the male medical 

image set of the Visible Human Project (VHP), begun in 1986 by the National Library 

of Medicine to provide high-resolution medical images of the full human anatomy [19].  

For the present study, the transverse, two dimensional CT images of the frozen male 

cadaver, taken every millimeter from head to toe, were reconstructed to create three 

dimensional models of each skeletal bone and the muscles of the upper extremity.  

These anatomical models were used to describe the locations of joint centers, segment 
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lengths, muscle attachment sites, and the basic shape of the deltoid muscle at the joint 

configuration of the cadaver when the images were obtained.  Details of this model and 

its development are provided in Garner and Pandy, 1999 [20]. 

 

 
 
Figure 5.2  (a) one cross-section CT image of the trunk of human body, resource from 
Visible Human Project.  (b) Frontal view of the upper limb reconstructed for this study.   
(c) Lateral view of the reconstructed three dimensional image of the deltoid muscle. 
 
 
Kinematics Model 

The original upper-extremity model developed by Garner and Pandy [20] 

permitted motions of the full shoulder girdle complex, including motions of the clavicle, 

scapula, humerus, the forearm’s ulna and radius, and the wrist.  However, for the 

purposes of modeling the deltoid, which primarily crosses only the glenohumeral joint, a 

subset of the Garner and Pandy model, permitting only motions of the humerus at the 

glenohumeral joint, was used in the present study.  The clavicle and scapula were 

assumed fixed in a ground frame and configured as in the cadaver images.  The ground 

coordinate system was oriented to follow the example of the experimental studies which 

the model simulations were meant to emulate.  In particular, the x-axis of the ground 
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coordinate system was oriented laterally in the plane of the scapula, and the z-axis was 

oriented superiorly parallel to the medial border of the scapula.  Finally, the y-axis was 

defined perpendicular to the x- and z-axes, and the origin was fixed at the center of the 

glenohumeral joint.   

The humerus was attached to the scapula at the glenohumeral joint center, and 

permitted to move with the three-degrees of freedom of a spherical joint:  flexion in the 

sagittal plane, abduction, and axial rotation.  A coordinate system affixed to the humerus 

was defined with its origin at the center of the spherically-shaped humeral head.  The z-

axis was oriented superiorly parallel to the main shaft of the humerus.  The x-axis was 

oriented laterally in the plane containing the origin and the axis of elbow flexion-

extension.  The y-axis was oriented perpendicular to the x- and z-axes. 

 
Deltoid Origin and Insertion Sites 

The deltoid muscle originates from the clavicle and scapula, and inserts onto the 

humerus.  The origin sites were selected by observing where the reconstructed VHP 

deltoid intersected onto the clavicle and scapula.  A range of approximately 21 points 

were identified in the ground frame along this intersection line, from the medial-most 

point on the anterior surface of the clavicle, around the lateral edge of the acromion of 

the scapula, and to the medial-most point on the posterior surface of the scapular spine.  

The x, y, and z coordinates of these points were parameterized by polynomial functions 

of a variable s, where s varied from 0 at the first point on the clavicle to 1 at the last 

point on the scapula.  These three polynomial functions can be used to define origin sites 

for any number of deltoid muscle bands by simply designating a value of s for each band 

(see Equation 5.2). 
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A similar approach was used to define the insertion sites (see Equation 5.3).  A 

series of points was identified where the reconstructed deltoid intersected with the 

humeral shaft in its typical V-shaped pattern.  The coordinates of these points were 

parameterized as before, and the resulting polynomials used to designate insertion sites 

for any number of bands using the same s values as for the origin sites of the 

corresponding bands.  Thus, a description of both the origin and insertion sites for any 

number of deltoid muscle bands can be derived using the set of polynomial functions 

and a series of s values assigned to the bands. 
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Obstacle Sphere Centers and Radii 

The specification of the sphere center and radius for each band, and for all bands 

together, is of critical importance for obtaining desirable behavior and functionality of 

the linked-plane model.  For the deltoid model of this study, the specification of sphere 

centers and radii followed the example of the s-parameterization used for designating 

the origin and insertion sites.  More specifically, the center coordinates and the radius of 

each band were described by polynomial functions of the same s value used for the 
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origin and insertion sites.  As will be described below, values of the polynomial 

coefficients were derived for the deltoid model of this study using an optimization 

scheme to help ensure realistic muscle path configurations and appropriate simulations 

of muscle band lengths and moment arms.  The polynomial equations for the sphere 

centers and radii are show as Equation 5.4, and Equation 5.5. 
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Orientation of the Global Reference Plane 

As noted previously, the orientation of the global reference plane is somewhat 

arbitrary because the angle theta between the global reference plane and the first band 

plane is varied to optimize the broad muscle’s path configuration.  Therefore, a different 

orientation of the global reference frame will theoretically result in the same broad 

muscle path configuration, but achieved by a different value for the angle theta.  In 

practice this theory holds up for the most part, but there are limitations that will be 

discussed more fully in Chapter 7.  In brief, it is desirable to orient the global reference 

plane such that its normal vector is in a direction fairly similar to that of the first band 

plane over the full spectrum of the joint’s range of motion.  That way, the angle theta 
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will generally be somewhat centered around zero regardless of the joint configuration, 

and the global reference plane and first band plane will generally avoid configurations 

where they become perpendicular to each other.  For the deltoid muscle model, the 

global reference plane was oriented with its normal vector pointing about 34 degrees 

medial and 62 degrees inferior to the anterior direction.  In the ground (scapula) 

coordinate system this vector is expressed as (-0.83, 0.29, -0.47).  The ground 

coordinates and the global reference plane are both shown in Figure 5.3. 

 

 
 
Figure 5.3 Ground coordinates locates at the center of the glenohumeral joint.  A framed 
plane is also pictured to represent the global reference plane. 
 
 
Angle Phi Between Each Muscle Band Plane 

As with the other parameters, the angle phi between adjacent muscle bands could 

be designated a unique value for each band.  This could be accomplished by way of a 

polynomial function of the s-parameter or by other means (as shown in Equation 5.6).  

For the deltoid muscle model of this study the value phi was designated for each muscle 
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band according to a second-order polynomial function of the s-parameter.  The 

coefficients of the phi polynomial were optimized along with the sphere center and 

radius coefficients as described below. 
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Simulations of Moment Arm Data 

The deltoid muscle model was used to simulate the series of experiments that 

resulted in the moment arm data reported in the three literature studies described above 

([16]-[18]).  The starting position for each simulation was with the humerus aligned 

vertically alongside the scapula.  In this position the humerus coordinate system and the 

scapula coordinate system are coincident.  For simulation of shoulder flexion the 

humerus was rotated from the starting position through a range of 80 degrees about the 

ground x-axis (rotating about the lateral direction).  For simulation of shoulder 

abduction the humerus was rotated from the starting position through a range of 90 

degrees about the negative ground y-axis (rotating about the posterior direction).  Finally, 

for simulation of shoulder scaption the humerus was rotated from the starting position 

through a range of 60 degrees about a horizontal axis oriented 30 degrees lateral to the 

posterior direction.  All of these directions and ranges of motion followed the pattern of 

the experimental studies. 

At every ten-degree increment of humeral motion over the range of motion in 

each simulation direction the optimized deltoid muscle configuration was computed, and 
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the corresponding length of each deltoid muscle band was recorded.  Muscle moment 

arms were computed by first fitting a third-order polynomial function to the set of 

humeral-angle/muscle-band-length pairs obtained from each simulation direction.  Then, 

the polynomial function of each simulation direction was differentiated with respect to 

the humeral angle, and evaluated at each ten-degree position.  In this way the moment 

arm data were derived at each position, and for each simulated motion direction, in 

accordance with Equation 5.1. 

 
Comparing Simulated with Experimental Data 

The purpose of generating the sets of muscle length and moment arm data at 

these various positions and over these ranges of motion is to compare the simulation 

results with similar data reported in the experimental studies.  The experimental studies 

directly report the moment arm data at the same positions, and over the same ranges of 

motion as were simulated, so the simulated and experimental values can be compared 

directly.  In most cases the experimental studies did not report muscles lengths.  Instead, 

these data were derived from the experimental moment arm data in the following way. 

Because the moment arm data represent the rate of change of the muscle length 

relative to changes in the joint angle (that is, the derivative of length with respect to 

angle), it follows that muscle length can be derived by integrating the muscle moment 

arm curve over the range of motion and providing an initial muscle length at the integral 

starting point.  In this study, the initial length of each head of the deltoid was estimated 

by tracing in three dimensions along the center of the corresponding sections of the 

reconstructed VHP deltoid muscle.  The joint configuration of the VHP specimen 

happens to be very near the humeral starting position for the simulations, so these 
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lengths were taken as reasonable estimates for the initial lengths for both the simulations 

and experimental studies.  To integrate the moment arm data, third-order polynomial 

functions were fit to the moment arm data representing each motion direction, and these 

polynomials were integrated with respect to humeral angle over the range of joint 

motion.  The polynomial integral was evaluated at each of the ten-degree increments to 

provide a set of experimental muscle length data corresponding to the actual muscle 

moment arm data reported in the literature. 

 
Optimizing Parameters to Match Experimental Data 

As described above, the origin and insertion sites of the deltoid muscle model 

were derived from the reconstructed VHP bone and muscle models.  The orientation of 

the global reference plane normal was defined somewhat arbitrarily as slightly medial 

and inferior to the anterior direction.  This section describes how the remaining deltoid 

muscle model parameters were specified in this study.  These remaining parameters 

include the polynomial coefficients describing the x, y, and z coordinates of each sphere 

obstacle center, of each sphere radius, and of each band plane phi angle, for all muscle 

bands in the deltoid muscle model.  Because fourth-order polynomials were used in each 

case, the remaining parameters numbered 25 (5 each for sphere center x, y, and z, 5 for 

sphere radius, and 5 for band phi). 

Values for these remaining parameter coefficients were optimized so that the 

simulated muscle lengths and muscle moment arms would match as closely as possible 

the corresponding data obtained or derived from the experimental studies.  Data from 

the more comprehensive Mayo Clinic [16] study were used for the optimization 

comparison.  The optimization criterion was specifically defined as the sum of the 
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squared deviations of all the muscle length data, plus the sum of the squared deviations 

of all the muscle moment arm data, over all three heads of the deltoid, and over all the 

ten-degree increment positions over the respective ranges of the three directions of 

humeral motion (See Equation 5.7).  In this equation, ant, mdl and post are the notations 

for anterior, medial and posterior muscle head respectively, and sim and exp are the 

notations for simulated and experimental data.   
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A particle swarm optimization strategy was implemented to find the set of 

parameter coefficient values that minimized the optimization criterion [21].  For each 

evaluation of a set of test coefficients the corresponding sphere center locations, sphere 

radii, and angle phi values for all bands were computed, and the entire set of simulated 

muscle length and moment arm data was generated anew.  These were then compared to 

the entire set of experimental data according to Equation 5.7.  The optimization strategy 
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continued to test sets of parameter coefficients until it converged on an optimal set from 

which no further improvement in the optimization criterion could be achieved. 

 
Tricks to Improve Simulated Reproduction of Experimental Data 

In the practice of performing optimizations of the deltoid model parameters to 

match the experimental data, several techniques were tried and adopted that seemed to 

improve model performance.  As described in this section, these techniques include 1) 

using a somewhat less broadly-distributed span of origin and insertion sites, 2) scaling 

down the simulated moment arms to account for elderly cadaver specimens in the 

experimental studies, 3) penalizing the optimization for deltoid model configurations 

that collide with several defined interference spheres representing bone space, and 4) 

permitting the band path obstacle spheres to move slightly in conjunction with joint 

motion and the muscle insertion sites. 

Although the reconstructed VHP deltoid muscle fairly clearly delineated the 

origin and insertion sites along the respective attachment bones, particularly on the 

anterior side, the experimental studies were somewhat less clear on which portions of 

the anterior, medial and posterior heads of deltoid were measured to report moment 

arms.  In this study the actual span of the VHP origin and insertion sites was identified 

and defined using polynomial functions of the s-parameter as described above for s 

spanning from 0 on the medial extreme of the anterior attachment to 1 on the medial 

extreme of the posterior attachment.  However, when modeling the experimental studies, 

a series of 9 deltoid muscle bands were defined to span over s values ranging from only 

0.10 on the anterior side to 0.85 on the posterior side.  In this way a somewhat less broad 

deltoid muscle was simulated, which seemed to better approximate the experimental 
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data.  From this series of muscle bands, those with s-values of 0.19, 0.38, and 0.75 were 

taken to represent the anterior, middle, and posterior heads, respectively, for comparison 

with the experimental data. 

Previous studies (Garner & Pandy [20]) have noted that the VHP male cadaver 

was a thirty-nine year-old, muscular individual, with very well-developed musculature 

of the upper extremity.  In contrast, most cadaver studies reporting anatomical 

characteristics in the literature tend to rely on elderly specimens with atrophied 

musculature.  For example, Garner & Pandy [22] reported volumes of upper-extremity 

muscles measured from the VHP male that were in some cases over three times the 

volumes reported in experimental cadaver studies.  For the deltoid muscle the VHP male 

had a volume two-and-a-half times that reported by Veeger et al. [23].  The 

experimental studies from which deltoid moment arms were obtained for the present 

study report average cadaver ages of 60.  For the purposes of this study, it was felt 

unreasonable to ask the optimized deltoid model to match the geometry and lengths of 

the VHP male cadaver, and also match the muscle moment arms for elderly cadaver 

specimens.  Indeed, when the optimizer attempted to do this, it repeatedly attempted to 

create muscle paths that passed through the head of the humerus in order to reduce the 

muscle moment arms.  To be fair, then, in this study the simulated muscle moment arms 

were scaled down 50% before being compared to the experimental data.  The muscle 

lengths were not scaled down for comparison.  The rationale for this approach is that the 

bone lengths, and by extension the muscle lengths, will be approximately the same for 

muscular and non-muscular specimens, whereas the muscle moment arms, which derive 
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from depth distance away from the joint center, will be larger for more muscular 

specimens. 

Another phenomenon observed during the optimization process was that 

occasionally the optimized deltoid muscle path configuration would collide 

unrealistically with known anatomical features such as the humeral head or the scapula.  

For example, with some sets of deltoid model parameters the resulting muscle path of 

the posterior bands would pass through the blade of the scapula at high humeral flexion 

angles.  This type of interference is clearly unnatural, and so the optimization algorithm 

needed to be informed when this happened.  To inform the optimizer of cases where 

such unrealistic interference was occurring, a penalty function was appended to the 

optimization criterion formula.  This penalty function simply added a large number (e.g., 

10,000) to the optimization criterion value for every instance of any muscle band, at any 

ten-degree increment position, that experienced such interference.  To define 

interference, a set of 6 interference spheres were specified that were distributed around 

the shoulder region in spaces occupied by the bones.  Although more sophisticated 

collision algorithms could be used to detect interference with the bone models 

themselves, the interference spheres provided a simple and fast way to approximate such 

collisions.  If any portion of a modeled muscle band contacted or fell within any of the 

interference spheres, a collision was detected and the penalty added onto the 

performance criterion.  The locations and radii of the specified interference spheres are 

given in Table 5.1. 

Finally, it was observed during the optimization process that the deltoid model 

often had difficulty producing realistic band path configurations at the higher angles of 
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shoulder flexion and abduction because the band obstacle spheres were initially defined 

to remain fixed in the ground (i.e., scapula) coordinate system.  It was found that 

allowing the spheres to move somewhat in conjunction with the joint motion, and 

thereby track with the overall trajectory of the muscle path during joint motion, provided 

more flexibility and robustness to the deltoid model.  To implement this motion, a new, 

moving band sphere coordinate system was defined for each muscle band, and the 

sphere center location, expressed by the polynomial function of s, was expressed in this 

coordinate system.  All band sphere coordinate systems were defined as follows.  To 

begin, two reference points were located.  The first point (SC) was chosen with a central 

location fixed in the ground (scapula) frame at the sternoclavicular joint.  The second 

point (HM) was chosen to lie along the humeral shaft axis at a specified, fixed distance 

(which was optimized by the optimizer) from the glenohumeral joint center.  Then, the 

x-axis was defined for each band as beginning at the band’s origin point P and pointing  

in the direction that passed through point HM.  The z-axis was defined for each band as 

the normalized cross-product of the x-axis and a vector from the origin site P to point SC.  

Finally, the y-axis was defined for each band as the cross-product of the z- and x-axes.  

The coordinate system origin was defined to lie at the origin point P of each band. 

 
Table 5.1  Locations and radii of the six interference spheres expressed in the ground 
system 
 
 
 
 
 
 
 
 
 

Spheres x y z radius 
Sphere 1 -20.70 -20.70 -20.70 -20.70 
Sphere 2 -70.00 -70.00 -70.00 -70.00 
Sphere 3 -38.20 -38.20 -38.20 -38.20 
Sphere 4 -0.20 3.00 -1.00 27.40 
Sphere 5 -13.50 -12.00 20.40 24.30 
Sphere 6 -35.70 3.00 -10.00 23.90 
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CHAPTER SIX 
 

Results 
 
 

Optimized Deltoid Model Parameters 
 
 

Origin and Insertion Sites  

The polynomial coefficients describing the deltoid origin and insertion sites as 

derived from the reconstructed VHP male bone and muscle models are listed in Table 

6.1.1 and Table 6.1.2.  For the optimized 9-muscle-band deltoid model, s-values ranging 

from 0.10 to 0.85 were used to represent the anterior-most to the posterior-most muscle 

fibers, respectively.  Figure E.1 (in Appendix E) shows these points rendered on the 

reconstructed bone models. 

 
Table 6.1.1  Polynomial function coefficients for creating the origin sites 

 
X Y Z 
A00 0.0 A10 8253.6041511670 A20 0.0 
A01 -2060.114054947 A11 - 26003.619860246 A21 454.0544878172 
A02 5988.2077175416 A12 30621.7357335389 A22 - 1650.721394159 
A03 - 5940.463853467 A13 - 16421.685256212 A23 2016.1541030365 
A04 1996.1493336260 A14 4032.4918548483 A24 - 1002.791411885 
A05 - 56.2718535312 A15 - 560.4014560098 A25 141.5712559110 
A06 - 39.3367345602 A16 59.2867094423 A26 44.4155043974 

 
 

Table 6.1.2 Polynomial function coefficients for creating the insertion sites 
 

 

X Y Z 
B00 -6.1214842946 B10 3.0966653592 B20 -29.8536457015 
B01 - 9.4987593924 B11 - 4.8467516380 B21 31.1149512768 
B02 19.6176628000 B12 30621.7357335389 B22 - 4.6989629472 
B03 25.7520571404 B13 23.3349182139 B23 - 98.0472622735 
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Table 6.2.1  Nine origin positions 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

Table 6.2.2  Nine insertion positions 
 
 
 
 
 
 
 
 
 
 
 
 
 
Obstacle Sphere Centers, Radii, and Phi Values 

The optimization algorithm solved for the center locations and radii of the series 

of band obstacle spheres in terms of polynomial equations of the s-parameter.  The 

coefficients of the polynomials for the x-, y-, and z-coordinates of the sphere centers, 

along with the coefficients for the radii and phi values, are presented in Table 6.3.1 

through Table 6.3.3.  As described in Chapter 5, the band path coordinate system in 

which the sphere center coordinates are expressed is derived from two specified points, 

SC at the sternoclavicular joint and HM along the humeral shaft.  The location of SC 

was specified with coordinates (-95.5, 135.4, 34.0) in mm in the ground (scapula) frame.  

S X Y Z 
0.100   -30.364671 29.960188 50.400338 
0.194   -10.635975 19.135245 46.662769 
0.287  5.177352 4.035993 39.755528 
0.381   10.080286 -15.407628   33.140352 
0.475   2.689311 -32.151317 28.428708 
0.569  -14.557902 -40.244315 25.776385 
0.662   -37.192806 39.002657 - 24.278081 
0.756   -60.506285 -33.147806 22.361996 
0.850  -81.338976 -28.910651 18.184419 

S X Y Z 
0.100   27.612714 18.917582 -98.235863 
0.194   29.151882 14.704815 -98.006792 
0.287  30.461534 10.438491 -97.535801 
0.381   31.511408 6.133919 -96.970483 
0.475   32.271238 1.80640 -96.458430 
0.569  32.710763 -2.528731 -96.184484 
0.662   32.799717 -6.856190 -96.717775 
0.756   32.507837 -11.160659 -96.717775 
0.850  31.804860 -15.426829 -97.894699 
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The location of HM was specified with coordinates (0.00, 0.00, -29.63) in mm in the 

humerus frame.  Figure E.2 shows the spheres arrayed around the shoulder bones in 

their proper position and size. 

 
Table 6.3.1  Sphere center position polynomial coefficients 

 
X Y Z 
C00 -5.660645 C10 -4.657637 C20 3.023011 
C01 -16.533478 C11 -29.571526 C21 -21.532577 
C02 5.497407 C12 -3.431529 C22 4.283768 
C03 26.870780 C13 -2.044537 C23 -21.996526 
C04 51.419339 C14 -5.654238 C24 0.330308 

 
 

Table 6.3.2  Sphere radius polynomial coefficients 
 

 
 
 
 

Table 6.3.1  Band plane phi polynomial coefficients 
 
 
 
 
 

Simulated vs. Experimental Deltoid Muscle Data 

The optimization algorithm was successful at finding a deltoid muscle model 

solution that avoided any collisions with interference spheres, and reproduced 

reasonably well the experimental muscle lengths and scaled moment arms derived from 

literature studies.  The optimized model also approximated the muscle geometry of the 

reconstructed VHP male deltoid when the humerus was moved to the same anatomical 

position (see Figure E.3).  Figures E.4 and E.5 show a comparison of the simulated and 

experimental muscle lengths and moment arms, respectively, for all three heads of the 

deltoid, and for all three ranges of joint movement.  The average deviation between 

D0 D1 D2 D3 D4 
-0.471239 -0.515373 -0.366520 0.072008 0.444474 

E0 E1 E2 E3 E4 
-14.833320 -16.211523 2.679743 -9.323871 37.294653 



49 

simulated and experimental values of length for a given deltoid head and joint position 

was about 8 mm for muscle lengths and 7 mm for muscle moment arms. 

 
Linked-plane Computational Performance and Robustness  

 
The linked-plane algorithm performed very robustly both for the optimized 

deltoid muscle model and during the many other muscle model configurations tested in 

search of the optimized solution.  The algorithm was always able to compute the optimal 

angle theta to define the muscle path configuration regardless of how the obstacle 

spheres and other model parameters were adjusted, even in very unnatural 

configurations.  And, with the optimized deltoid muscle model the algorithm produces 

very realistic and natural muscle path configurations for the various muscle bands even 

when the model is moved outside of the joint motion space in which it was optimized.  

Figures E.6, E.7, E.8, and E.9 show the optimized deltoid model at the extreme limits of 

the joint motion space used for optimization, and Figure E.10 shows a montage of the 

model ranging from a position of shoulder extension not within the optimized space to a 

position of shoulder flexion.  In all of these images it is evident that the muscle path 

configurations are reasonable and natural. 

The linked-plane algorithm’s computational performance was also impressive.  

On a relatively-slow, 1GHz, single-processor laptop, the algorithm was easily able to 

solve for the deltoid muscle path configuration in real time, even as the glenohumeral 

joint was moved over its range of motion interactively.  More quantitative inspection 

showed that on average it took the algorithm only about 0.8 milliseconds to solve, with 

the maximum time being about 1.1 milliseconds. 
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CHAPTER SEVEN 
 

Discussion and Conclusions 
 
 

Advantages of the Linked-plane Algorithm 
 

The advantages of the linked plane obstacle-set algorithm include its elegant 

simplicity, realism, computational efficiency, and flexibility.  It offers simultaneous 

solutions of all muscle bands to account for the connectivity between muscle fibers in 

broad muscles.  And, its flexibility offers potential application to many different broad 

muscles in human and animal anatomy. 

 
Elegant Simplicity 

The linked-plane algorithm draws on the elegant simplicity of the original 

obstacle-set algorithms to represent muscle paths as simple elastic bands wrapping 

frictionlessly around simple geometric shapes representing underlying anatomical 

obstacles.  For many broad muscles, such as the deltoid, the underlying anatomy is well-

described by a sphere obstacle.  However, an individual band wrapping around a sphere 

has the tendency to slip quickly around the sphere as the attachment sites move relative 

to the sphere in response to joint motion.  This behavior is unnatural because an actual 

broad muscle is not an individual band, and can be held in place by its interconnections 

with adjacent muscle fibers.  The linked-plane algorithm accounts for this 

interconnectivity by constraining the path plane of each muscle band to form a specified 

angle phi relative to the path plane of adjacent bands.  This constraint preserves the 
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simplicity and elegance of the single-band sphere approach, while adding the realism of 

broad muscles. 

 
Realistic Representation of Broad Muscles 

In this study the linked-plane algorithm was applied to modeling the deltoid 

muscle in the human shoulder.  The deltoid muscle is arguably the most difficult human 

muscle to model because of its very large origin site, the relatively narrow diameter of 

the shoulder region, and the very wide range of shoulder motion.  The linked-plane 

algorithm is well-suited for handling such a broad muscle because the specification of a 

series of individual, yet linked, muscle bands can be distributed over the broad 

attachment areas.  Also, the use of sphere obstacles for each band is good for 

representing the narrow geometry of the underlying shoulder anatomy.  Finally, the 

optimized deltoid model proved robust over the wide ranges of motion permitted by the 

glenohumeral joint.  The algorithm’s constrained band planes kept the adjacent bands 

together to form a natural breadth for the entire deltoid muscle even as the joints moved, 

and the underlying spheres provided an appropriate curvature around which the bands 

could wrap and unwrap as the joints moved. 

The realism of the linked-plane algorithm is further supported by its ability to 

reproduce both the band lengths and moment arms of the deltoid muscle for three 

different heads and for many joint positions over a wide range of three-dimensional joint 

motion.  A single linked-plane model of the deltoid muscle was able to match all of 

these experimental data with an average error of 8 mm for lengths and 7 mm for 

moment arms.  For muscle lengths ranging from 115 mm to 200 mm, 8 mm is only 7% 

and 4% error, respectively.  For muscle moment arms that range from negative to 
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positive values of up to 55 mm, 7 mm is a higher percentage.  However, it must be 

recognized that a fairly large uncertainty exists in the experimentally-measured moment 

arms as well, as evidenced in Figure E.5.  For example, the difference in reported 

posterior deltoid scaption moment arms between two of the experimental studies is over 

40 mm at some joint positions (see Figure E.5).  Therefore, the model’s ability to 

reproduce the deltoid muscle moment arms within an average of 7 mm is deemed to be 

reasonably good. 

 
Fast Computational Performance 

As noted, accounting for the interconnectivity between adjacent fibers when 

modeling the paths of broad muscles is important.  The other primary muscle-path-

modeling approach that also accounts for interconnectivity uses finite element methods.  

However, the computational expense incurred with this approach is really prohibitive for 

the purposes of real-time simulation.  In fact, the computation time to solve for even a 

single position of a single muscle is on the order of tens of minutes to hours.  In contrast, 

the computation time of the linked-plane algorithm is on the order of 1 millisecond.  

This performance is a great advantage, and even rivals that of the original obstacle-set 

methods. 

 
Flexibility 

The linked-plane algorithm offers great flexibility that should permit it to be 

applied for many different broad muscles.  Theoretically, any number of muscle bands 

could be used to represent the span of a broad muscle, and the distribution of these 

bands across the span is not constrained by the algorithm.  Each band has an origin and 
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insertion site, which, though fixed in the deltoid model implementation of this study, is 

not constrained to be fixed.  Thus, if there were an advantage, the origin points of the 

various bands could move relative to each other, and likewise for the insertion sites.  In 

fact, with the deltoid muscle this could be relevant because one portion of the deltoid 

originates from the clavicle and the other from the scapula.  Though not modeled in this 

study, in a more comprehensive model of the shoulder joint these two bones would in 

fact move relative to each other.  The linked-plane algorithm should have no problem 

handling that.  The linked-plane algorithm also permits great flexibility in specifying 

obstacle spheres for the various muscle bands.  All bands could share the same, fixed 

obstacle sphere, or each band could have a completely independent sphere.  Some of 

that flexibility was illustrated in this study, where the spheres were permitted to move in 

their own coordinate systems as the joints moved, and the locations and radii of each 

sphere varied across the span of the muscle.  Continuity across the muscle span was 

preserved in this study by utilizing the polynomial function of the s parameter.  This 

approach was used for convenience, and was not prescribed by the algorithm.  

Theoretically, each sphere could be located, moved, and sized individually for each 

muscle band.  Finally, the specification of the angle phi between adjacent muscle band 

planes could use a common value across all bands, or an independent value for each 

band.  In the present study, again, variability and continuity were preserved by using a 

polynomial description of phi values across the span of the muscle. 

 
Limitations of the Linked-Plane Algorithm  

Although the linked-plane algorithm has many advantages, it also has a number 

of limitations.  These will be discussed in the following sections. 
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Many Parameters to Define 

The great flexibility that the linked-plane algorithm provides derives largely 

from the many parameters used to define a broad muscle.  Specifying values for these 

many parameters can be daunting.  As with the deltoid model in this study, some 

parameters are likely best specified on the basis of an anatomical source such as medical 

images.  Specification of the origin and insertion regions of the muscle is a good 

example.  In this study the VHP medical images of the human male cadaver, and 

reconstructions of bones and muscles from these images, permitted realistic and high-

resolution specification of attachment areas.  And, use of polynomial representations for 

the origin and insertion areas help condense expression of these areas, preserve 

continuity over the span of the muscle, and make it easy to use any number of muscle 

bands to represent the muscle. 

Specification of the global reference plane is fairly straightforward because its 

orientation has wide latitude and is not critical to the model performance.  Rather, the 

specification of its orientation primarily needs to ensure that it provides a reasonable 

direction from which to measure an angle between it and the plane of the first muscle 

band over the full range of motion of the joint.  An easy way to do this is to estimate the 

general average direction of the normal of the first muscle band plane over the range of 

motion, and assign the global reference plane that same general normal orientation.  

Again, the exact direction is not critical, as long as the global reference plane and the 

first band plane will never reach a configuration where the line from origin P to insertion 

S runs parallel to the reference normal.  In such a case, theta would be undefined and the 

algorithm would have no flexibility to define the muscle path configuration. 
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Specification of the other many additional parameters can be less 

straightforward.  For example, there is no direct anatomical basis for specifying the 

sphere obstacles of each band or their radii.  While these spheres do represent the 

physical location of underlying anatomical structures, the geometry of those anatomical 

structures do not readily translate into sphere center coordinates or radii values.  In 

addition, the sphere obstacles play a deeper role than just filling the physical space 

occupied by underlying structures because they also direct the curvature and path of 

each muscle band as the joints move and as they relate to adjacent bands. 

In the present study an optimization approach was used to help specify values for 

the sphere centers, sphere radii, and phi angles.  This approach required the availability 

of experimental data with which to compare model performance, and the simulation of 

the experimental protocols using the model.  The optimization process was fairly labor 

intensive to set up, implement, and execute.  For other muscles which do not have the 

great complexity of the deltoid muscle at the shoulder, the level of effort required to 

establish linked-plane model parameters may be less.  Nevertheless, once the parameters 

are properly defined the muscle model can work robustly, realistically, and fast.   

 
Comprehensive Matching of Experimental Data 

Although the linked-plane model of the deltoid muscle does a fairly good job 

overall of matching the experimentally-derived muscle lengths and moment arms, there 

are regions where better performance is desirable.  

Considering the muscle length data presented in Figure E.4, the model exhibits 

trends and magnitudes similar to the experimental data for most every case of muscle 

head and direction of joint motion.  For flexion motions the posterior head increases in 
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length while the anterior head decreases in length, as expected and as illustrated by the 

experimental data.  Similarly, the middle head shows very good agreement for both 

abduction and scaption.  Some differences in trends are evident with the anterior and 

posterior heads during abduction and with the posterior head during scaption.  In these 

instances, the simulated length data exhibits a slightly more arched trajectory than the 

experimental data, which is closer to linear over the range of motion.  Also, with the 

middle head during flexion the experimental data exhibits a slight s-shaped trend which 

is replicated in one of the simulated muscle bands, but at a slightly steeper slope. 

Similarly, considering the muscle moment arm data presented in Figure E.5, the 

model likewise exhibits trends and magnitudes similar to the experimental data for most 

every case of muscle head and direction of joint motion.  Particularly well-matched are 

the data of the middle deltoid for abduction and scaption, of the anterior deltoid for 

abduction and scaption, and the posterior deltoid for scaption.  The model seemed to 

have the most difficulty matching moment arms for the flexion movement.  While the 

magnitudes of the posterior head for flexion are very similar, the model produces a more 

linear trend over the range of motion, whereas the experimental data are more quadratic.  

Similarly with the anterior head for flexion, the model exhibits a less curvy trend than 

the experimental data.  For the posterior head during abduction the model was unable to 

match the positive, upwardly trending curve of the experimental data.  In fact, the model 

exhibits a negative moment arm at early abduction angles, and trends more linearly over 

the range of motion. 

These discrepancies likely arise from the challenge of trying to match all 

experimental data simultaneously with a single deltoid muscle model.  Thus, while the 
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parameters of the model may want to assume some values to accommodate certain 

aspects of the experimental data (e.g., flexion moment arms), the desire to match other 

aspects of the experimental data (e.g., abduction moment arms) creates competition so 

that in the end a compromise is required.  That compromise results in some level of error 

throughout the comparison of simulated and experimental data, and represents a 

limitation of the model to match perfectly all of the data. 

 
Conclusion  

The linked-plane algorithm represents a novel approach to modeling the 

wrapping paths of broad muscles.  It combines the simplicity, elegance, and speed of the 

obstacle-set method with the robustness and realism of more complex, computationally 

demanding finite element algorithms.  It was applied in this study to model the human 

male deltoid muscle, and proved capable of providing realistic simulations of muscle 

lengths and moment arms for all heads over a wide range of three directions of joint 

motion.  However, the algorithm does require the specification of many parameters, and 

was unable to perfectly replicate all the features of deltoid muscle lengths and moment 

arms exhibited in experimental data. 
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APPENDIX A 
 

Four Typical Types of Obstacle-sets in the Obstacle-set Model 
 
 

 
 

Figure A.1  Four typical types of obstacle-sets for modeling the constraining anatomical 
structures [11]:  (a) The sphere obstacle-set muscle path model.  (b) Two-cylinder 
obstacle-set muscle path model.  (c) The stub obstacle-set muscle path model. (d) The 
cylinder obstacle-set muscle path model. 
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APPENDIX B 
 

Solution for the Muscle Path Plane 
 
 

The plane equation for each muscle path plane is defined as:  

0=+++ dcZbYaX  (B.1) 

where ],,[ cba  is the unknown normal vector to describe the orientation of the reference 

plane, as shown in Figure B.1, and d is the normal distance from the origin to the plane.  

The ],,[ ZYX  represents any point in three dimensional coordinates.  The unknown 

parameters are calculated by the following equation group: 
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Figure B.1:  Illustration of a single muscle path wrapping around a sphere obstacle.  P  
and S  are the origin and the insertion points respectively.  C  and c  are the centers of 
the sphere and the cross section circle respectively.  N  is the orientation of the 
reference plane, which forms an angle φ  with the orientation of the muscle plane. 
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P and S are the origin and insertion points that lie in the muscle path plane.  The 

first two equations require that the plane pass through both P and S.  The third defines 

the normalization (unit-length) of the ],,[ cba  vector.  In the fourth equation, the cosine 

value of the angle formed between the reference plane and the muscle path plane equals 

the dot product of those two vectors.  Because the muscle path plane passes through P 

and S, the only freedom of variability for the muscle path plane is in rotating about the 

line through P and S.  Because of this restriction, the value of angle φ in the fourth 

equation will have a minimum value that is, in general, greater than zero.  At this 

minimum value the muscle path plane is rotated about line PS to the orientation most 

closely aligned with the reference plane.  In this study, the angle phi defined for each 

muscle path plane is defined as that angle by which the muscle path plane is rotated 

about line PS starting at this minimum-φ orientation.  That is, to arrive at the muscle 

path plane orientation used for this study, start at the plane passing through P and S most 

closely aligned with the reference plane, and then rotate about line PS by the angle phi. 
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APPENDIX C 
 

Algorithm to Solve the Cross-section Circle and the Two Transition-points 
 
 

The distance between the center of the cross-section circle c  and the center of 

the sphere C can be obtained by Equation C.1.  A right-angle triangle is formed by the 

points c , C and M .  M  is any point located on the cross-section circle.  The radius of 

the cross section circle can be calculated according to the Pythagorean Theorem, as 

expressed in Equation C.2.  The position of the circle center is, then, just a point that 

offsets from the center of the sphere by the length of Cc  in the direction of the normal 

of the cross-section plane. 

dcCbCaCCc zyx +++=  (C.1) 

22
CcCMcMr −==  (C.2) 

 

c

C

M

 
 

Figure C.1:  Geometry illustration for calculating cross-section’s center and radius. 
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The transition points Q and T connect the straight-line segment and the curved-

line segment of the muscle band path, and lie on the cross-section circle in the muscle 

path plane.  They are computed as tangent points to the cross-section circle from points 

P and S, respectively (Figure C.2).   

 

 
 
Figure C.2:  Point Q is a tangent point from P lying in the muscle path plane on the 
cross-section circle of the wrapping sphere.  Point T (not shown) is a similar tangent 
point from S. 
 
 

In this study, the tangent points were computed by establishing a local coordinate 

system aligned with the muscle path plane (i.e., with x- and y-axes lying in the muscle 

path plane) and with an origin at the circle center c.  The x-axis was arbitrarily defined 

to point as the unit vector from c to P.S.  The z-axis was chosen to be in the direction of 

the normal vector of the muscle band plane.  Points P and S were expressed in this 

coordinate system as p and s, respectively.  Tangent points q and t were computed in this 

coordinate system, and then translated back into the coordinate system of P and S, as Q 

and T, respectively. 
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R is the 33× rotation matrix for translating points from the local (p and s) 

coordinate system to the global (P and S) coordinate system.  cp  and cs  are the vectors 

pointing from the circle center c to the origin point p or insertion point s.  And n)  is the 

unit vector normal of the muscle band plane.   

Expressed in the local coordinate system, the transition-point q was calculated 

according to the following equations: 
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Transition-point t was calculated by the same equations, but with the coordinates 

of s rather than p, and the sign of r reversed.  Finally, q and t expressed in local 

coordinates were translated to Q and T in global coordinates by the following equations: 

[ ] qRQ T=  [ ] tRT T=  (C.10) 



65 

 
 
Figure C.3:  Illustration of tangent points q and t computed based on points p, s, and c, 
all expressed in the local coordinate system of the muscle band plane. 
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APPENDIX D 
 

Flow Chart of the Steps to Calculate the Reference Angle Theta (θ). 
 
 

 
 
Figure D.1 Steps to calculate the optimal reference angle value φ  between the first band 
plane and the reference plane. 
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APPENDIX E 
 

Images and Graphs for the Modeled Deltoid Muscle 
 
 

 
 
Figure E.1  The origin and insertion sites of the deltoid muscle.  Spheres in the color of 
bone delineate entire span of attachment area for s-parameter from 0 to 1.0.  Colored 
spheres mark the attachments for the simulated deltoid muscle in this study.
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Figure E.2  Sphere obstacles for all the muscle bands.  The sphere-obstacle and 
attachment sites in the same color correspond to the same muscle band. 
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Figure E.3  Top back view of the simulated muscle bands lying within the deltoid 
muscle reconstructed from the VHP dataset. 
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Figure E.4 Muscle path lengths (mm/degree) for each head of the deltoid during 
abduction, scaption and flexion.  The thick muscle path curve in the dark color is from 
the experimental study of Mayo Clinic [16], while the thin ones in the lighter colors are 
from our simulated data.  Multiple muscle bands for each muscle head are simulated and 
compared with the experimental data, since the positions of the attachments in the 
experimental study are not reported. 
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Figure E.5  Moment arm (mm/degree) graphs for each head of the deltoid during 
abduction, scaption and flexion.  The thick curves in dark colors are moment arm data 
from experimental studies, while thin lines in light colors represent the simulated 
moment arms of this study.  For abduction and flexion, the simulated moment arms are 
compared to the data only from the Mayo Clinic study [16].  For scaption, the simulated 
moment arms are compared to the data from three experimental studies [16]-[18].
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Figure E.6  Lateral view of the deltoid muscle, showing all of the nine modeled muscle 
bands. 
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Figure E.7  Lateral view of the deltoid muscle with the humerus flexed 80 degrees. 
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Figure E.8  Lateral view of the deltoid muscle, with the humerus raised 80 degrees in the 
scapular plane. 
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Figure E.9  Frontal view of the deltoid muscle, with the humerus abducted 90 degrees. 
 

 



 

 
 
 
 
 
 
 
 

 
Figure E.10  Side view of the humerus rotating in the sagittal pane:  a) extension.  b) neutral position.  c) flexion. 
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