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ABSTRACT 

Musculoskeletal injuries to the cervical region of the spine have historically been 

linked to many different injury mechanisms.  These injury mechanisms range from 

acceleration injuries (whiplash) to injuries associated with lifting heavy loads 

(Hagberg, 1987; Herberts et al., 1981).  Aaras and Ro (1997) found that frequently 

repeated lifts, as low as 1% of the MVC, are correlated to musculoskeletal injuries of 

the neck and shoulder.  In epidemiologic studies by NIOSH (1997), it has been found 

that repetition, forceful exertion, and extreme postures contribute to musculoskeletal 

disorders of the cervical spine and shoulder.  These musculoskeletal disorders have 

led to an increase in the number of permanent disability cases due to degeneration of 

cervical spine discs (Nygren et al., 1995). 

 

It has been demonstrated (Woldstad & Nicolalde, 2001) that EMG levels increase in 

the musculature of the neck as hand loads are increased.  From their findings, 

Woldstad and Nicolalde (2001) theorized that this increase in muscle activity 

corresponds to an increase in the compressive forces acting on the cervical spine.  

Currently, while there are predictive shoulder models and predictive neck models, the 

need for a combined neck and shoulder model exists.  That is the aim of this study, to 

test the validity of using outputs from existing an existing shoulder model as inputs 

for a current neck model in an attempt to quantify the compressive forces exerted on 

the spine due to hand loads.  For the purposes of this study, the shoulder model that 

will be the focus is the Chalmers Computerized Shoulder Model.  This model is based 

on the shoulder modeling work done by Hogfors et al. (1987) and a series of papers 

by various authors following that original publication by Hogfors et al.  The Chalmers 

shoulder model uses anthropometric, static posture, and muscle parameter inputs to 

estimate muscle forces in shoulder muscles and the resultant forces on the shoulder.   

 

Output for this model is given in the form of force as a percentage of estimated 

maximum force for each muscle.  The muscles in question are muscles shared by the 

cervical spine and the shoulder girdle:  sternocleidomastoid, trapezius, and levator 

scapulae.   
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To test the model outputs, ten (5 male, 5 female) subjects were used for data 

collection.  Surface EMG electrodes were attached to the specified muscles and each 

subject performed a series of maximum voluntary isometric tasks (MVC) designed to 

isolate the muscles.  Upon completion of the MVC tasks, subjects performed a series 

of lifting tasks modeled after the luggage-lifting task performed by Transportation 

Security Administration baggage screeners at airports, a task historically associated 

with high shoulder and neck injury rates.  Subjects performed four (4) randomized 

trials each of nine (9) different luggage size/weight combinations.   

 

Three-dimensional motion capture data was recorded for each trial for position input 

into the model.   

 

Peak EMG values during the lifting task for each muscle for each trial were compared 

to the values of the MVC peak EMG values.  In an attempt to replicate the data output 

of the Chalmers model, the peak trial values were calculated as percentages of the 

maximum values collected during the MVC collection period.   

 

Results indicated significant differences between the observed EMG values and 

model predictions. Results indicated that overall, there were significant interactions 

between the height and weight factors as well as between the weight and gender 

factors.  These interactions indicated:  (a) overall as height of the bag increased, EMG 

values were greater than the model predictions, (b) across all weights, EMG values 

were higher than the model predictions with the greatest difference being at the 

heaviest weight, (c) for male subjects, as hand load increased, the model was less 

accurate in its prediction of muscle activity, (d) for females, this indicates that overall, 

the model under predicts muscle activity for the 24-pound and 36-pound loads and is 

fairly accurate for the 48-pound load. 
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CHAPTER I 

INTRODUCTION 

 

1.1  Introduction 

The scope of the Transportation Security Administration (TSA) has steadily 

increased since its formation after the events of 9/11/01.  The Aviation and 

Transportation Security Act of 2001 formed the TSA as part of the U.S. Department 

of Transportation.  The TSA is responsible for the security of all modes of 

transportation.  Specifically, they are responsible for the baggage screening for 

explosives at more than 450 airports in the U.S., Guam and Puerto Rico.  The TSA 

moved from the Department of Transportation to the Department of Homeland 

Security with its formation in 2002 in an attempt to unify and better organize the 

nation’s threat response network (TSA (a), 2006).  The organization has grown to 

over 54,000 employees in only five years of existence (OPM, 2006).  Because of such 

rapid growth, and the type of work being done, it is important to address the health 

and safety needs of the growing workforce.  In 2004, OSHA realized this after 

observing the TSA workers at the Buffalo-Niagara International Airport, the largest 

Category II airport in the country.  The TSA workers at the airport were observed to 

handle over 8,400 pieces of luggage a day for nine different airlines (OSHA(a), 

2006).  Because of such a high workload, the airport and OSHA formed an alliance in 

attempts to improve the health and safety of the TSA workers.    
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Because of the rapid growth of the TSA and the nature of the work being 

performed by the baggage screeners, it is not surprising that the TSA has the highest 

injury rate in the U.S. government.  The injury rate for the TSA for the 2006 fiscal 

year was 14.61 injuries per 100 workers.  The TSA also had the highest rate of lost 

time cases in the U.S. government; 7.95 lost time cases per 100 workers (DOL, 

2006).   

The nature of the work performed by TSA baggage screeners is such that it lends 

itself to injuries of the neck and shoulder.  Baggage screeners perform tasks that 

require them to lift heavy loads repeatedly.  Historically, this has been attributed to 

neck and shoulder injuries (Hagberg, 1987; Herberts et al., 1981; Nygren et al., 1995; 

Sakakibara et al., 1987, 1995; Westgaard and Aaras, 1984).  Aaras and Ro (1997) 

found that frequently repeated lifts as, low as 1% of the MVC, are correlated to 

musculoskeletal injuries of the neck and shoulder.  In epidemiologic studies by 

NIOSH (2006), it has been found that repetition, forceful exertion, and extreme 

postures contribute to musculoskeletal disorders of the neck and shoulder.   

Current modeling work focusing on the cervical spine has estimated the 

compressive forces on the neck using optimization techniques to estimate the muscle 

forces involved (Moroney et al, 1988; Moroney, 1984).  While these methods, 

developed from earlier lumbar modeling techniques, have proven effective in 

compressive force estimation, they do not allow for a wide range of actual physical 

tasks.  Most specifically, they do not allow for the inclusion of the effects of hand 

loads on the compressive forces at the cervical spine.  It has been demonstrated 

(Woldstad & Nicolalde, 2001) that EMG levels increase in the musculature of the 
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neck as hand loads are increased.  From their findings, Woldstad and Nicolalde 

(2001) theorized that this increase in muscle activity corresponds to an increase in the 

compressive forces acting on the cervical spine.   

The work done previously by Moroney (1984), Moroney et al. (1988), and 

Woldstad and Nicolalde (2001) has laid the groundwork for compressive force 

estimation in the cervical spine due to hand loads.  That is the aim of this study; to 

use EMG to validate muscle force estimates from current available biomechanical 

models in an attempt to estimate the contribution of hand loads to the compressive 

forces on cervical discs. 

 

The test hypotheses for this study were the following: 

1. Model force predictions and study results are high enough to indicate a 

hazardous lifting task. 

2. The Chalmers model accurately predicts activity in selected muscles of the 

shoulder (sternoclediomastoid, levator scapulae, and upper trapezius) that also 

connect to the anatomical structures of the cervical spine. 

3. The Chalmers model predicts muscle activity in the selected musculature 

equally well for males and females.   

4. The Chalmers model predicts muscle activity in the selected musculature 

equally well for different hand loads. 

5. There is noteworthy activity in the musculature of the left neck/shoulder 

during the right-hand lifting task. 
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CHAPTER II 

SHOULDER & NECK LITERATURE REVIEW 

 

2.1  Introduction 

Musculoskeletal injuries to the neck and shoulder are commonplace for workers 

exposed to heavy arm loads and awkward postures (Hagberg, 1987; Herberts et al., 

1981; Nygren, Berglund and von Koch, 1995).  Because of the prevalence of neck 

and shoulder injuries in workers researchers have developed models in attempts to 

calculate the biomechanical load on the workers.  These load calculations allow for a 

more accurate estimation of the risk involved with specific occupational conditions.   

 

2.2 Shoulder Anatomy 

When examining biomechanical models, it is important to begin by defining the 

anatomical parameters of the models to be discussed.  This section will detail the 

bones, muscles, and joints of the shoulder in order to accurately define the shoulder 

mechanism to be discussed in biomechanical literature review of the shoulder, 

Section 2.3 of this chapter, as well as the specifics of the different biomechanical 

model developments to be discussed in Chapter III. 
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2.2.1 Shoulder Mechanism 

The shoulder mechanism, or girdle, consists of three bones, the torso, and a 

combined bone link representation as described by Hogfors (1987a) in an in vitro 

cadaveric study.  Those bones are the clavicle, the scapula, and the humerus, and are 

shown in Figure 2.1.  The reason for the inclusion of the torso in the anatomical 

definition of the shoulder mechanism is that the muscles of the shoulder attach to the 

shoulder girdle, the vertebral column, and the anterior thoracic wall, consisting of the 

sternum and ribs (Jenkins, 2002).  The radius and ulna are represented as a common 

link in Hogfors’ definition of the shoulder mechanism.  The shoulder mechanism also 

includes three main joints, those being the acromioclavicular (AC), the 

sternoclavicular (SC) joint, and the glenohumeral (GH) joint.   The shoulder 

mechanism as a whole, with the exception of the radial/ulnar link can be seen in 

Figure 2.1.   
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Figure 2.1 Anterior View of Skeletal Anatomy of Upper Limb (Taken 
from Jenkins, 2002) 

 
 
The shoulder mechanism also includes the muscles of the shoulder, back, torso, 

and upper arm that act upon the bones of the shoulder mechanism outlined by 

Hogfors.  When all insertions are considered, there are more than 40 action points to 

consider from the 25 muscles acting on the shoulder mechanism. 

 

2.2.2 Bones of the Shoulder Mechanism 

The shoulder is made up of three bones; the clavicle, the humerus, and the 

scapula.  These three bones make up what is commonly referred to as the “shoulder 

girdle”.  The clavicle is a flat triangular bone that sits on the posterior aspect of the 

trunk.  The scapula has a ridge running along its posterior superior aspect called the 

spine.  The spine divides the scapula into 2 areas, the supraspinous fossa, the area 
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superior, or above the spine, and the infraspinous fossa, the area inferior, or below the 

spine.  These two surfaces serve as attachment points for the muscles of the shoulder 

and trunk (Woodburn, 1983).  The spine ends laterally to form the acromion.  The 

acromion articulates with the clavicle and when palpated forms what is known as the 

point of the shoulder.  Anterior to the acromion on the lateral angle of the scapula is 

the glenoid cavity, a concave structure that articulates with the head of the humerus 

(Jenkins, 2002).   The structures of the scapula can be seen in Figure 2.2. 

The clavicle is classified as a long bone that has a slight S-curve.  Its main action 

is to keep the upper limbs free and away from the body. On the lateral end, often 

referred to as the acromial end or the acromial articular surface, the bone expands and 

flattens in order to articulate with the acromion of the scapula.  This articulation with 

the acromion forms the acromioclavicular (AC) joint.  This joint is very weak and is 

provided strength by the coracoclavicular ligament.  Medially, the bone also expands 

in order to articulate with the manubrium of the sternum (Jenkins, 2002).  The 

structures of the clavicle can be seen more clearly in Figure 2.3. 
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Figure 2.2. Anterior (A) and Posterior (B) View of Scapula (Taken from 
Jenkins, 2002) 

 
 

 

Figure 2.3. Anterior (A) and Posterior (B) Views of Left Clavicle (Taken 
from Woodburn, 1983) 

 

The humerus is the long bone that is the main bone of the upper limb whose 

length is approximately 1/5 of the total body height (Winter, 2004).  It has a head on 

its proximal end that is hemispherical (Woodburn, 1983).  On its distal end, it 
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articulates with the radius and ulna of the forearm.  The head of the humerus 

articulates with the glenoid cavity of the scapula to form the glenohumeral (GH) joint.  

This joint is relatively weak, and is mainly strengthened by the coracohumeral 

ligament (Jenkins, 2002).  However, as will be discussed later, the musculature of the 

shoulder provides strength and stability for the joint.   

 

2.2.3 Muscles of the Shoulder Mechanism 

The muscles of the shoulder vary widely from the teres minor, a relatively small 

muscle, which has a single origin and insertion to the latissimus dorsi, which has an 

upper and lower portion and has origins along the lower six thoracic and all the 

lumbar vertebrae and has multiple insertions on the humerus (Woodburn, 1983).  The 

muscles considered in the shoulder mechanism are both superficial and deep muscles.  

Be they superficial or deep, the muscles of the shoulder mechanism can be primarily 

divided into two categories, intrinsic and extrinsic (Jenkins, 2003).    The intrinsic 

muscles are those that have an origin on the shoulder girdle, have an insertion point 

on the humerus, and act on the glenohumeral joint.  The extrinsic muscles also have 

attachment points on the humerus and act on the glenohumeral joint, but have origins 

on the axial skeleton, which consists of the skull, vertebral column, ribs, and sternum.  

This section will focus on the intrinsic muscles of the shoulder mechanism, and the 

extrinsic muscles will be further discussed along with the trunk anatomy in Section 

2.2.4. 
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The main intrinsic muscle group of the shoulder girdle is the deltoid.  The deltoid 

has three distinct heads arising from three distinct origins; the lateral portion of the 

clavicle, the acromion, and the spine of the scapula; but a common insertion, the 

deltoid tuberosity of the humerus.  The three origins of the deltoid lead to three 

distinct sections of muscle fibers: an anterior section, a middle portion, and a 

posterior portion. The deltoid’s main action is abduction of the humerus, however its 

anterior and posterior portions also work to rotate the arm medially and laterally 

(Woodburn, 1983). 

The rest of the intrinsic muscles of the shoulder girdle are smaller muscles that 

have smaller actions.  Those muscles are the: supraspinatus, infraspinatus, teres 

major, teres minor, and subscapularis.  All of these muscles have origins on the 

scapula and insertions on the humerus.  These muscles work to abduct, laterally 

rotate, adduct, medially rotate and extend the arm (Jenkins, 2002).    

While not necessarily considered intrinsic muscles, the biceps brachii, triceps 

brachii, and the coracobrachialis are taken into account in shoulder models because of 

their origins.  The biceps brachii has two heads (short and long) and has an action that 

supinates the forearm and flexes the arm/forearm.  Both of the heads of the biceps 

brachii have origins on the scapula.  The triceps brachii has three heads (long, lateral, 

and medial) and its action is the extension of the arm.  While there are three heads of 

the triceps brachii, only one of them has an origin on what is considered the shoulder 

girdle, that being the long head.  The origin of the long head of the triceps brachii is 

the infraglenoid tubercle of the scapula.  Both the biceps brachii and the triceps 

brachii have origins for all heads on the forearm.  The coracobrachialis is a smaller 
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muscle than the biceps brachii.  Its origin is the coracoid process and its insertion is 

along the anterolateral surface of the humerus.  It acts to flex and adduct the arm 

(Jenkins, 2002; Woodburn, 1983). 

The extrinsic muscles of the shoulder are, generally speaking, larger and have 

larger actions.  Many of the muscles discussed here will be discussed again briefly in 

Section 2.2.4 Trunk Anatomy.  Many will also be covered in Section 2.4 Neck 

Anatomy because they have origins or insertions along the cervical spine.  The 

extrinsic muscles of the shoulder girdle can basically be divided into anterior and 

posterior muscles, or more commonly referred to as the muscles of the chest and 

back.  The anterior muscles of the shoulder mechanism are primarily the pectoralis 

major and the pectoralis minor.  The origin of the pectoralis major is along the medial 

part of the sternum and its insertion is the greater tubercle of the humerus.  Its main 

actions are extension, adduction and medial rotation of the arm (Jenkins, 2002).  The 

pectoralis minor is a group of three muscle heads deep to the pectoralis major.  The 

three heads have origins on ribs 3-5 respectively.  They all share a common insertion 

on the coracoid process of the scapula and act to depress the shoulder and rotate the 

scapula downward (Woodburn, 1983).   

There are many more posterior extrinsic muscles of the shoulder mechanism than 

anterior.  There are eight posterior extrinsic muscles versus the two anterior (Hogfors, 

1987a).  A complete list of those muscles, their insertions, attachments, and actions 

can be found in Table 2.1. 
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Table 2.1.  Posterior extrinsic muscles of shoulder mechanism    

(Jenkins, 2002; Woodburn, 1983)           

Muscle     Origin   Insertion Action   

Sternocleidomastoid  Sternum/Clavicle Mastoid process  Turn head 

     of skull    

         

Subclavius  1st rib  Undersurface of  Maintain SC joint 

     clavicle    

         

Trapezius   External occipital Spine of scapula, Elevation of scapula, 

   protuberance,  acromion, clavicle retraction of scapula, 

   spinous processes    rotation of glenoid 

   of 7th cervical and    cavity upward 

   all toracic vertebrae     

         

Latissimus dorsi  Spinous processes Medial lip & Extension, adduction 

   of lower 6 thoracic floor of   & medial rotation of  

   & all lumbar  intertubercular arm  

   vertebrae  groove of humerus   

         

Levator scapulae  Transverse process 
Upper part of 
medial Elevate scapula 

   of upper 4 cervical border of scapula   

   vertebrae      
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Rhomboid major  Spinous processes Medial border Elevate/retract  

   of 2nd-5th thoracic of scapula below scapula; downward 

   vertebrae  rhomboid minor rotation of  

       glenoid cavity 

         

Rhomboid minor  Spinous processes Medial border  Elevate/retract  

   of 7th cervical & of scapula scapula; downward 

   1st thoracic    rotation of  

   vertebrae    glenoid cavity 

         

Serratus anterior  Ribs 1-8 on  Medial border of Protract scapula; 

   anterolateral  scapula  upward rotation 

   thoracic wall   of glenoid cavity 

 

 

2.2.4 Trunk Anatomy 

The anatomy of the trunk, with respect to the shoulder mechanism, requires very 

limited discussion.  As was mentioned in the previous section, the musculature of the 

trunk are the same muscles classified as the extrinsic muscles of the shoulder girdle.  

The pectoralis major and minor are the anterior muscles of the trunk that attach to the 

humerus and coracoid process of the scapula respectively.  A complete list of the 

posterior muscles of the trunk are the muscles found in Table 2.1, with the major 

muscles being the trapezius, latissimus dorsi, and the rhomboid major and minor. 
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The skeletal anatomy of the trunk includes the spinal column, the ribs, and the 

sternum.  The spinal column is the posterior portion of the thoracic wall and consists 

of 24 individual free vertebrae, 5 fused vertebrae that form the sacrum, and 4 that 

form the coccyx.  The 24 free vertebrae can be broken down into three regions: the 

cervical, thoracic, and lumbar regions.  The numerical breakdown of each region is 7 

cervical, 12 thoracic, and 5 lumbar vertebrae (Woodburn, 1983).  The ribs and 

sternum make up the anterior portion of the thoracic wall.  There are twelve pairs of 

ribs that are connected by cartilage and intercostal muscles.  The sternum is made up 

of three parts; an upper, middle, and lower; or more accurately the manubrium, body, 

and xiphoid process.  The upper seven sets of ribs attach to the sternum anteriorly via 

the costal cartilages and posteriorly via costovertebral joints.  The clavicle joins the 

sternum cranially.  This joint where the sternum and clavicle join is the 

sternoclavicular (SC) joint (Jenkins, 2002; Srebnik, 2002; Woodburn, 1983).  Figure 

2.1 shows an anterior representation of the skeletal anatomy of the trunk and shoulder 

girdle.   

 

2.3 Shoulder Biomechanical Model Literature Review 

It is often the case that analyses of risk of injury to the shoulder in work-related 

settings are made using direct observation techniques, the most well known of these 

being the RULA, or Rapid Upper Limb Assessment, technique.  The RULA 

technique was developed in 1993 by McAtamney and Corlett as a way to estimate 

risk factors for upper limb disorders.  In this technique, postural estimates of the 

upper limbs of subjects are estimated while they are performing a work task.  Scores 
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are given for a variety of arm/wrist and trunk/neck postures observed during the task 

as well as scores for muscle use; static or dynamic task; and force/load in the hand(s) 

during the task (McAtamney et al., 1993).  Based on these scores action levels are 

assigned.  The action levels range from 1-4, with 1 being limited or no risk to the 

worker and 4 being an immediate risk to the worker with immediate action needing to 

be taken to prevent injury.   

In addition to the RULA assessment technique, a system for ranking extreme 

postures has been developed to help assess workplace biomechanical hazards.  In this 

system, the author developed a two-dimensional static model of the shoulder in an 

attempt to quantify shoulder muscle load as well as joint load and endurance time 

(Dul, 1988).  The model simplifies the shoulder mechanism into three forces and a 

reaction force: the deltoid muscle force, the weight of the arm, the supraspinatus 

muscle force, and the glenohumeral joint reaction force broken down into the x and y 

planes.  This model looks only at the angle of the upper limb from the vertical and the 

weight of the upper arm.  This is done so through equilibrium equations for free body 

diagrams of instantaneous position of the upper arm and scapula.  The problem Dul 

encounters with this is that the equilibrium equations cannot be solved algebraically 

because there are three equations and four unknown variables. To resolve this, Dul 

then uses the minimum fatigue optimization technique he and colleagues developed 

and published in 1984 and 1986.  This technique allows for the creation of a fourth 

algebraic equation for the load sharing between the deltoid and supraspinatus muscles 

and the ability to solve for all four unknown forces.  Similar to Dul’s work, Kuzkay et 
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al. (1998) developed a system that applied planar models to estimate joint moments in 

hand lifting tasks. 

In addition to these, other assessment techniques have been developed that allow 

for jobsite evaluation of risk for upper extremity disorders.  They, however, focus on 

distal upper limb disorders mainly resulting from hand tasks (Latko et. al., 1997; 

Moore, 2001; Moore and Garg, 1995).  The scale rating method developed by Latko 

et al. focuses on musculoskeletal disorders resulting from dynamic repetitive hand 

tasks performed in awkward postures or with little recovery time between task cycles.  

The Moore papers used risk different factors to create strain indices for the upper 

limb, but both were for the distal upper limb only.   

While RULA, and Dul’s evaluation technique are efficient workplace ergonomic 

assessment tools, they are only that, assessment tools.  They focus only on the static 

postures of the workers and are fairly limited in their scope of analysis.  They merely 

create an index of general loading in the shoulder mechanism in the case of RULA 

and estimate shoulder loading based only on two muscles for the Dul model.  For the 

purposes of research, it is important that models produce more precise predictions of 

muscle forces and have a more complete inclusion of the anatomical musculature of 

the shoulder. 

In addition to the postural ergonomic work analysis approaches to estimate 

shoulder loading, there have been many different approaches taken in attempt to 

model the shoulder mechanism.   

Because of the mechanical complexity of the shoulder mechanism, it has proven 

very difficult to design a single biomechanical model that accurately predicts the 
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forces, moments, and general loading produced in the shoulder mechanism.  The 

difficulty of model development has centered on the fact that the anatomy of the 

shoulder mechanism produces a polyaxial joint that provides a large number of 

degrees of freedom (DOF).  These degrees of freedom and the anatomy of the 

mechanism produce a multifunctional joint that allows for an almost infinite number 

of postures and a subsequently large range of motion (Hogfors, 1987).   

The range of motion of the shoulder mechanism provides a major hurdle that all 

biomechanical models must overcome.  The reason for this is that during movement 

of the shoulder, the functional roles of the muscles, discussed later in this chapter in 

Section 2.2.3, as well as the moment arms of the muscles, change (Van der Helm, 

1994b).  

Several studies have examined the biomechanics of the shoulder.  Lucas (1973) 

described the functional anatomy and biomechanics of the shoulder joint with a 

particular focus on range of motion of the GH joint and force requirements for 

abduction.  Lucas, however, looked at individual mechanics of the different joints and 

did not propose a force prediction model for the total shoulder mechanism.  Dvir and 

Berme (1978) and Jackson et al. (1977) were some of the first to propose 

biomechanical models of the shoulder mechanism.  These models, however, were 

very limited in their scope.  The model proposed by Dvir and Berme, described a 

two-mechanism system consisting of:  (1) the trunk, clavicle, and scapula, and (2) the 

scapula and humerus.  In this model, however, the motion is limited to elevation of 

the humerus along the frontal plane.  Dvir and Berme were some of the first to 

examine the complete shoulder joint as a mechanism, defining it as a whole by the 
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links between the different mechanical elements.  The work done by Jackson et al. 

used EMG and the mechanics of the shoulder joint to study sequential muscle 

contraction.  These models, because of limitations in the knowledge of the descriptive 

kinematics of the shoulder mechanism, were limited to single motion patterns.  Dvir 

and Berme were limited to motion in the frontal plane as mentioned previously and 

Jackson et al. limited motion of the upper arm to flexion vertically in the sagittal 

plane. 

From these, several studies were conducted that examined different ways to better 

estimate the kinematics of the shoulder in order to better quantify the muscle forces 

and geometric parameters of the musculature and skeletal components of the shoulder 

mechanism.  Many of the papers that have been published worked with cadavers.  

Hogfors (1987) used four human cadavers to study the points of application of muscle 

force on the bones of the shoulder mechanism and van der Helm (1992) used 

measurements from cadaver shoulders to create a finite-element model of the 

shoulder mechanism.  Others to use cadavers to better quantify the geometric 

parameters of the shoulder include: Breteler (1995), Keuchle (1994), Liu (1996), and 

Veeger (1991).   

Other approaches to better quantify the geometric parameters of the shoulder have 

been used as well as the cadaveric studies.  Hogfors (1991) used low-dose radioactive 

implants in the bones of human subjects along with roentgenstereophotogrammetric 

motion pictures to help determine the motion patterns of the bones of the shoulder 

mechanism.  Karlsson (1992) focused on the geometry of the shoulder by looking at 

the relationship in space between the humerus and scapula, and the humerus and 
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clavicle using a computerized optimization of equilibrium equations, shown in 

Equations (2.1) and (2.2).  Where Fi is the internal forces, Pi is the external forces, and 

ri is the position vectors for the attachment points of the forces. 

∑ Fi = -∑ Pi                               (2.1) 

   ∑ ri x Fi = -∑ ri x Pi     (2.2) 

De Groot et al. (1998) studied the geometry of the scapula using an in vivo 

method where seven subjects were seated and abducted, adducted and rotated their 

arms through different planes of motion.  The subjects were recorded with a 2-D X-

ray camera recording system and the camera images were digitized.  Three angles of 

different structures of the scapula were determined for each movement from the 

digitized images and it was determined that the kinematics of the shoulder skeleton 

could be derived by interpolation of statically recorded positions of the bones (de 

Groot et. al., 1998).   

Much of the work that has been done has resulted in shoulder models predicting 

shoulder muscle forces.  The majority of these models have used a couple of 

techniques:  electromyography and numerical optimization.  Laursen (1998; 2003) 

produced some of the most notable models using EMG.  Laursen developed a model 

to relate muscle activity of multiple muscles in the shoulder to the kinetics of the 

shoulder mechanism (2003) and a model that predicts individual shoulder muscle 

forces in a static position using EMG (1998).  Wood et al. (1989a; 1989b) also used 

EMG force estimation in their biomechanical shoulder model for prosthetic controls.   
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There have also been several models based on numerical optimization techniques. 

Hogfors (1987, 1991, 1995), Karlsson (1992), van der Helm (1991, 1992, 1994a, 

1994b), de Groot (1997, 1998, 1999), Pronk (1989), Makhsous (1999), and Veeger 

(1991a, 1991b) all developed biomechanical models using numerical optimization 

techniques to predict muscle forces in the shoulder mechanism.  It is interesting to 

note that these many of these models developed through numerical optimization have 

been developed by adapting the modeling techniques put forth by Hogfors (1987) in 

conjunction with new variations in attempts to better quantify the strength of the 

shoulder and are often referred to as Gothenburg models.  Makhsous (1999), for 

example, attempted to quantify the strength of the shoulder using the Hogfors (1987) 

model and developed a device to measure force at the distal end of the humerus in 

different planes for specifically defined postures and movements from a reference 

position.  The forces were defined for the x, y, and z planes using equations (2.3), 

(2.4), and (2.5) where Fex is the magnitude of the maximal external force, α is the 

rotation of the humerus x-direction, β is the angle of the humerus in the y-direction, γ 

is the rotation of the humerus in the y-direction, and ϕ is the direction of Fex from the 

reference position. 

 

  Fx = Fex [sin ϕ sin α + cos ϕ cos α sin β]   (2.3) 

 Fy = Fex [cos ϕ sin α sin β - sin ϕ cos α]      (2.4) 

                      Fz = -Fex [cos ϕ cos β]     (2.5) 
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Makhsous used these equations, and the models presented by Hogfors (1987; 

1991) and Peterson (1994) in a computer program to calculate the directional strength 

profiles for the shoulder mechanism.   

With the continued development of computers, more of these models have been 

written into computer programs that are able to predict muscle force production in the 

shoulder based on the particular model used and its input requirements.  Peterson, 

Makhsous, and Siemienski, for example, used the Gothenburg models published by 

Hogfors et al. (1987; 1991), Karlsson and Peterson (1992), and Peterson (1994) to 

develop a computer model that predicts muscle forces for thirty eight (38) muscles, 

including all attachments, eleven (11) joint contact forces, and one (1) ligament force.  

The model uses static posture inputs and the assumptions of the models on which it 

was developed.   

Chaffin (1997) developed a three dimensional (3D) static model at the University 

of Michigan called the 3-Dimensional Static Strength Prediction Program or 3DSSPP.  

This model looks to predict static strengths, joint moments, and low back forces 

resulting from hand loads.  The joint moments in this computerized model are 

calculated using Newtonian physics where the forces were multiplied by their 

perpendicular distances from the joint centers.  The three dimensional load moments 

are calculated for each major joint (shoulders, hips, elbows, knees and ankles) using a 

recursive method (Chaffin and Erig, 1991) by taking the cross products of the unit 

distance vectors to each joint, body mass segment distance, and hand forces.  The 

model uses these moments to predict the percentage of the male and female 

populations that are capable of performing the task.  Since moments are calculated for 
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all the major joints and the compressive forces on the low back, the limiting joint, 

based on the predicted population strength capability, is listed.  While this may not 

specifically be a shoulder model, the biomechanics of the shoulder are considered in 

conjunction with hand loads in an effort to minimize ergonomic concerns for 

workplace tasks.  There are limitations to this model, with the major limitation being 

that the model is limited to static postures, similar to the previously described models. 

While both the EMG-based and the optimization-based models have provided 

information about the potential force distributions in the shoulder, they have some 

limitations.  First and foremost among those limitations is that all of the models are 

designed for static task analysis because of the extensive range of motion of the 

shoulder mechanism.  In an attempt to eliminate this limitation, Dickerson (2005) 

developed a computerized biomechanical shoulder model that predicts shoulder 

muscle forces and allows for dynamic task analysis.  In this, Dickerson uses a three-

part model consisting of: (1) shoulder geometry model; (2) external dynamic torque 

model; and (3) an internal muscle force model that is an overall muscle force 

prediction model.  The shoulder geometry model was developed using geometric and 

scapular motion parameters put forth by previous authors (Keuchle, 1994; Hogfors, 

1987, 1991; Veeger, 1991; Liu, 1996; Breteler, 1995; de Groot 1998, 1999; Karlsson, 

1992).  The external dynamic shoulder torque model was developed using an inverse 

dynamics methodology similar to the technique used by Vaughn (1991) to better 

quantify the kinematics of human gait.  The internal force model was developed using 

five elements to account for the load sharing at each iteration: (1) mechanical 

equilibrium constraints; (2) force bounds for individual muscles; (3) a glenohumeral 
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contact, nondislocation constraint; (4) an objective function to minimize in finding 

the global solution; and (5) a solution methodology (Dickerson, 2005).  From the 

three model parts, Dickerson was able to develop a computerized dynamic shoulder 

muscle force prediction model based in the software program Matlab®. 

For the purposes of this research, the Dickerson model will be used because of its 

ability to incorporate dynamic movement.  It is the hope that this inclusion of 

dynamic task analysis will give a better ergonomic analysis of the baggage handling 

tasks performed by the Transportation Safety Authority baggage screeners.  

 

2.4 Neck Anatomy 

The anatomy of the neck is very complex, but for the purposes of this discussion, 

it will again be limited to the structures directly related to the biomechanical analysis 

techniques to be discussed later in this chapter.   

The skeletal system of the neck consists of the seven cervical vertebrae.  The first 

two of these vertebrae, starting cranially, are the atlas and the axis.  The atlas supports 

the head and has no body or true spinous process, only an anterior arch and long 

transverse processes.  The axis is the second cervical vertebrae.  Its main feature is 

the dens, a process that projects upward to articulate with the atlas.  The remaining 

five cervical vertebrae gradually increase in size until ending with the seventh, known 

as the vertebra prominens.  This vertebrae has a much longer spinous process than the 

other cervical vertebrae and articulates with the first thoracic vertebrae (Jenkins, 

2002; Srebnik, 2002; Woodburn, 1983).   
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The major muscles of the neck relating to biomechanical modeling can often be 

included in descriptions of muscles of the trunk.  The sternocleidomastoid and the 

trapezius attach both to the trunk and the neck.  The sternocleidomastoid has origins 

on the sternum and clavicle and insertions on the mastoid process of the skull.  Its 

main function is to turn the head laterally to either side.  The trapezius has its origins 

along the spine, including the seventh cervical vertebrae and all thoracic vertebrae.  

Its insertions are along the spine of the scapula and the clavicle.  Its actions are 

elevation, retraction, and depression of the scapula, and rotation of the glenoid cavity 

upward (Jenkins, 2002; Woodburn, 1983).   

The other muscles that should be included are the scalenes and the infrahyoid 

muscles.  The scalenes are a group of three muscles that originate on the upper six 

vertebrae and have insertions on the first and second sets of ribs.  Their main 

functions are the fixation of the first and second ribs for inhalation and lateral rotation 

of the head and neck.  The infrahyoid muscles are a group of four muscles that 

depress and stabilize the hyoid bone (Woodburn, 1983).  A complete list of all 

muscles of the neck, their origins, insertions, and actions can be found in Table 2.2. 

 

Table 2.2. Musculature of the neck      

(Jenkins, 2002; Srebnik, 2002; Woodburn, 1983)    

Muscle     Origin   Insertion Action   

Sternocleidomastoid  Sternum/Clavicle Mastoid process  Turn head 

     of skull    
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Anterior scalene  Transverse process 1st rib  Fix 1st rib & 

   of 3rd-6th cervical vertebrae  Laterally rotate neck 

         

Middle scalene  Transverse process 1st rib  Fix 1st rib & 

   of 2nd-7th cervical   Laterally rotate neck 

   vertebrae      

         

Posterior scalene  Transverse process 2nd rib  Fix 2nd rib & 

   of 4th-6th cervical   Laterally rotate neck 

   vertebrae      

         

Omohyoid  Superior border Hyoid bone Depress hyoid bone 

   of scapula     

         

Sternohyoid  Posterior surface Hyoid bone Depress hyoid bone 

   of sternum     

         

Sternothyroid  Posterior surface Thyroid cartilage Depress thyroid 

   of sternum   cartilage  

         

Thyrohyoid  Thyroid cartilage Hyoid bone Depress/stabilize  

       hyoid bone 
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Trapezius   External occipital Spine of scapula, Elevation of scapula, 

   protuberance,  
Acromion, 
clavicle 

Retraction of 
scapula, 

   spinous processes    Rotation of glenoid 

   of 7th cervical and    cavity upward 

   all toracic vertebrae     

 

 

2.5 Related Anatomy 

Although previous sections of this chapter have broken the anatomy of the neck 

and shoulder down into separate subsections, it is important to remember that much 

of the anatomical features of the neck and shoulder should be considered as a 

complete unit.  This is because even though the skeletal anatomy of the shoulder, 

neck and trunk can be separated into distinct areas, the musculature cannot.  Keeping 

in mind that the shoulder girdle includes the trunk, much of the musculature of the 

shoulder girdle and neck are interrelated.  Referring back to Tables 2.1 and 2.2, many 

of the muscles of the shoulder girdle and neck have origins and/or insertions on both 

the shoulder girdle and neck.  This is why, for the purposes of this investigation, 

biomechanical models of both the shoulder and neck will be considered for possible 

prediction of injury potential. 

 

2.6 Neck Modeling Literature Review 

Much like the biomechanical modeling work done on the shoulder, the modeling 

work done on the human cervical spine falls into multiple categories.  There are 
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biomechanical models, neck postural analysis, and EMG methods.  While these 

methods can be classified individually, they are mutually exclusive.  Researchers will 

often use components of all three when examining loads on the cervical spine.   

The first, and bulk, of the work on the spine concentrated on the lumbar spine 

(Andersson et al., 1977; Andersson et al., 1980, Miller et al., 1986; Schultz et al., 

1980, 1981, 1982).  It is no surprise then that much of the work that was done on the 

lumbar region has translated to the cervical region of the spine.  The work on these 

biomechanical models has centered on using straight lines-of-action to represent the 

musculature.  One of the most widely used studies to model the lumbar spine is the 

work done by Schultz and Andersson (1981).  In this study, Schultz and Andersson 

built upon the previous work of Andersson et al. (1977) and Andersson et al. (1980) 

to build a biomechanical model of the lumbar spine that predicts compressive loads 

on the region.  In the previous work, EMG was used to validate the proposed 

biomechanical models.  Andersson et al. used it to help predict the pressure between 

lumbar discs.  Schultz et al. (1982) tested the validity of the Schultz et al. (1981) 

biomechanical model of the lumbar spine by using the myoelectric activity of the 

trunk muscles.  To accomplish this, external loads were applied to subjects in 

specified postures.  From these external loads, the lines of action of the external loads 

as well as the mass centers of the trunk, head, and upper limbs were calculated.  The 

intra-abdominal pressure was measured was measured using an ingested transducer.  

The authors used EMG surface electrodes to measure trunk muscle activity and the 

pressure in center of the third lumbar intervertebral disc was measured using a 

pressure transducer build into the tip of a needle and inserted into the lumbar region. 
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The results of the validation procedures showed that the biomechanical model was 

indeed valid in predicting the spinal loads and muscle contraction forces for the 

situations presented.  There was a strong correlation between the measured intradiscal 

pressures and the predicted as well as the predicted muscle activities and the 

measured myoelectric activity.   

Work has been done following the Schultz et al. (1981, 1982) publications that 

have adapted lumbar models to the cervical spine.  Foremost among these is Moroney 

et al. (1988).  This model used 14 bilateral pairs of muscles, an orthogonal coordinate 

system originating at the C4/C5 level and a double optimization technique to estimate 

the muscle contraction forces and spinal compressive forces for the model.  They 

tested the results of the model using EMG surface electrodes to measure muscle 

activity during isometric tasks while the spine was in different postures.  The 

measured muscle activity was found to be similar to the calculated muscle activity 

(Moroney et al., 1988) 

Many researchers have developed biomechanical models of the cervical spine.  

The scope of these range from looking at the joint forces resulting from flexion only 

(Harms-Ringdahl, and Schuldt, 1988; Mayoux-Benhamou and Revel, 1993; Pollock 

et al., 1993; Queisser, Bluthner, and Seidel, 1994) to looking at moments resulting 

from flexion, extension, lateral bending, and axial rotation or any combination thereof 

(Choi and Vanderby, 1999; Dugailly, et al., 2005a; Harms-Ringdahl et al., 1986; 

Jordan et al., 1999; Kang et al., 1996; Kilbom et al., 1986; Lee and Ashton-Miller, 

1989; McLure, Siegler, and Nobilini, 1998; Vasavada, Li, and Delp, 2001; Williams 

and Belytschko, 1983).   
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 Since there are multiple biomechanical models, there are multiple methods of 

quantifying the load on the spine from muscle activity.  The two methods of muscle 

activity prediction are optimization-based and EMG-based methods.  Optimization-

based methods use linear (Bean, Chaffin, and Schultz, 1988; Moroney, Schultz and 

Miller, 1988; Schultz and Andersson, 1981) and nonlinear (Cholewicki and McGill, 

1994) objective functions to predict muscle activity.  EMG methods use various 

methods to estimate muscle force production.  The first of those, EMG-based 

methods use an EMG signal as a fraction of the maximum voluntary contraction 

(MVC) to predict muscle forces (Ashton-Miller et al., 1990; Queisser et al., 1994; 

Sjogaard, 1986; Stokes et al., 1987; Vink, van der Velde and Vanderbout, 1987).  

Another method the EMG-based force prediction models use is normalization of 

collected data.  Normalization of the data usually involves normalizing the collected 

data to the maximum EMG activity observed during the test procedure for a specific 

site (Choi and Vanderby, 1999; Harms-Ringdahl et al., 1986; Schuldt and Harms-

Ringdahl, 1988) and in reference to known forces in a static posture (Woldstad and 

Nicolalde, 2001). 

While most biomechanical models are developed in vitro, there have been recent 

attempts to develop biomechanical models in vivo.  Dugailly et al. (2005b) used 

digitized surface markers on cervical spine landmarks of cadavers in an attempt to 

better predict the kinematics and structural mechanics of the region.  McLure, Siegler, 

and Nobilini (1998) used a cervical linkage device to measure the force generation 

capability and range of motion of subjects.  While not developed for the cervical 

spine, Rohlmann et al. (2006) developed an in vivo finite element model of the 
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lumbar spine to predict muscle and spinal forces.  In this study, they worked to better 

correlate the angle of lumbar spinal flexion with the predicted lumbar spinal forces.   

To date, the EMG-based approaches allow for a more complete inclusion of the 

muscle activity in the system, when compared to the biomechanical models.  Studies 

of the musculature of the lumbar spine have shown that optimization models will 

predict muscles to be inactive, and thus contributing nothing to the mechanical load 

on the spine, when in fact, there is significant EMG activity observed (Ladin, Murthy, 

and Deluca, 1989; Pedersen, Brand, Cheng, and Arora, 1987; Schultz and Anderson, 

1981).  Attempts have been made to account for these inaccuracies, but the models 

are still incomplete in their assessment of muscle activity.  Moroney, Schultz, and 

Miller (1988) tried to combat this by applying a double optimization technique 

developed by Bean, Chaffin, and Schultz (1988) to the 1981 Schultz and Andersson 

model.  This, however, failed to predict all muscle activity, neglecting antagonistic 

muscles.  Because of these inaccuracies in the optimization-based biomechanical 

models, the compressive forces and loads on the spine are probably underestimated. 

Looking specifically at the cervical region, current biomechanical models do not 

account for the added load on the cervical spine by arm and shoulder loads (Kumar 

and Scaife, 1979; Moroney, Schultz, and Miller, 1988).  

There have been attempts to combine the different modeling techniques.  Most 

notably is the work by Cholewicki and McGill (1994).  This model combined the 

moment constraints about three orthogonal axes of the optimization models with the 

muscle recruitment patterns of the EMG methods.  This new model was termed EMG 

assisted optimization, or EMGAO.  Cholewicki and McGill (1994) used an objective 



Texas Tech University, Adam Pickens, August 2008 

 31 

function to adjust individual muscle forces the least amount possible to maintain the 

balance of moments about the three axes.  The individual muscle forces here are 

attained by using an EMG-based model.  The minimum alteration values are 

calculated using equations 2.6, 2.7, and 2.8.  These equations include the number of 

muscles crossing a given joint (n), the individual muscle gain (gi), which should be 

close to 1.0, the estimated moment the ith muscle produces about the joint center, and 

the estimated individual muscle moments about the three orthogonal axes (Mx, My, 

and Mz).  Equation 2.6 combines the individual muscle gain and the geometric sum of 

the muscle moments about the axes (Mi) and is used as the nonlinear objective 

function for the optimization.  Equation 2.8 is applied to all three axes individually 

and gi ≥ 0 for i = 1,2,…n. 

∑n
i=1 Mi (1 – gi)2 = min     (2.6) 

Mi = √(M2
xi + M2

yi + M2
zi)    (2.7) 

∑n
i=1 giM(x,y,z)i = M(x,y,z)      (2.8) 

In an attempt to compare the different methods for muscle force prediction, Choi 

and Vanderby (1999) applied the three methods to a biomechanical model very 

similar to that of Moroney, Schultz, and Miller (1988).  The three force prediction 

models used were:  the double optimization method developed by Moroney, Schultz, 

and Miller (1988), the EMG method, and the EMG assisted optimization method 

developed by Cholewicki and McGill (1994).  Choi and Vanderby (1999) found, from 

EMG data, that the necessary assumption for the double optimization method, 

minimal force generation from antagonistic muscles, was violated.  Because of this, 
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muscle forces and spinal compressive loads estimated by the double optimization 

method were found to be significantly different than those derived from the EMG and 

EMG assisted optimization methods.  Their results showed joint compressive forces 

much higher when using the EMG and EMG assisted optimization methods than 

those of the double optimization method.   

In addition to the biomechanical models that make use of EMG to predict muscle 

activity, there have also been studies that use only EMG to assess the loads on the 

cervical spine (Lin et al., 1998; Magnusson et al., 1999; Queisser et al., 1994; Schuldt 

and Harms-Ringdahl, 1988; Woldstad and Nicolalde, 2001).  What these studies 

accomplished is to establish the relationship between myoelectric activity and muscle 

force production.  For the purposes of this study, the work done by Woldstad and 

Nicolalde (2001) is of particular importance.  That study worked to establish the 

relationship between hand and arm loads and muscle activity in the cervical spine 

region.  The authors used EMG surface electrodes to record the myoelectric activity 

in specific muscle groups of the neck for given hand loads and arm postures.  The 

results of this study showed that as hand loads increase, so do the myoelectric activity 

levels of the cervical spine region.  Specifically, they found that for loads held to the 

side of the body, in the frontal plane, produced much higher activity in the 

musculature of the neck than did loads held with arms hanging.  These results show 

that as arm and hand loads increase, so do the compressive forces on the cervical 

spine and contribute to musculoskeletal injury (Woldstad and Nicolalde, 2001).  

The work by Woldstad and Nicolalde (2001), for the purposes of this study, 

validated all previous work on the cervical spine.  The results that show increased 
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muscle activity in the cervical spine region, and thus an increase in muscle force and 

compressive force on the cervical intervertebral discs, allow for application of the 

previously discussed models to the examination of TSA baggage screener 

musculoskeletal injury risks.   
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CHAPTER III 

BIOMECHANICAL MODELING TECHNIQUES FOR  

THE SHOULDER AND CERVICAL SPINE 

 

3.1  Introduction 

The musculature and orthopedic anatomy of the neck and shoulder regions has 

made it very difficult to create biomechanical models that accurately predict the 

moments and forces produced in the joints.  It is the intent here to examine the 

different modeling techniques for the neck and shoulder and decide on a tactic that 

will allow for the best estimation of load on the neck and shoulder due to hand loads. 

 

3.2 Shoulder Models:  Biomechanical Modeling Techniques 

Much of the current optimization-based shoulder biomechanical modeling work 

that has been done stems from the work done by Hogfors et al (1987) including 

further work by Hogfors et al (1991, 1995) (Karlsson 1992; van der Helm 1991, 

1992, 1994a, 1994b; de Groot, 1997, 1998, 1999; Pronk 1989; Makhsous 1999; and 

Veeger et al 1991a, 1991b; Dickerson, 2005).  While much of the work that has been 

done based on the initial Hogfors et al. (1987) optimization model, different 

techniques have been applied in conjunction with that model in an attempt to better 

predict the forces produced in the shoulder as functions of the arm position and 

external loads including the use of EMG by Hogfors et al (1995).  The computerized 
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Chalmers Model was developed based on the initial Hogfors et al (1987) work as 

well.   

 

3.2.1 Hogfors Model 

Because so much work has centered on the initial Hogfors et al. (1987) model, it 

is important that the development of the biomechanical model be explained in detail.  

Much of the measurements of specific muscle attachment sites, distances, angles, and 

centroids were obtained through cadaver studies.   

For the purpose of simplification of the mathematical calculations many 

idealizations, as far as the structure of the shoulder joint and the action of the muscles 

in the shoulder girdle, were used.  The bones of the shoulder joint are all considered 

to be rigid bodies and the muscles are modeled to be strings stretched in the shortest 

distance between the origin and insertions.  If, in the case of the muscles, the path 

cannot be a straight line, a geometrical constraint was designed to account for the 

action of that particular muscle. 

Many of the forces not associated with the muscles were also idealized.  For 

example, forces associated with the contact of joints and forces from ligaments, with 

the exception of the force of the coracohumeral ligament on the humerus denoted by 

L.  The authors did, however, note that they were not able to determine at what 

distance between the points of action of the coracohumeral ligament produced 

significant forces.  All forces were assumed to have no resultant moments on the 

attached skeletal components. 
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The model includes twenty-one (21) muscles including all insertions of the 

muscles that have multiple insertion points.  The model also consists of the three 

bones of the shoulder: the clavicle, the humerus, and the scapula.  Each of the three 

bones, as well as the trunk, was assigned a coordinate system based on the different 

structures on the bone.  The three bone-based coordinate systems are subsequently 

called the clavicle system, the scapula system, and the humerus system.  The 

coordinate system for the trunk is referred to as the sternum system.  Each system 

accordingly has multiple axes.  Two of the systems share an origin, the sternum 

system and the clavicle system, designated as omega (Ω) and two, the scapula system 

and the humerus system, have individual origins, designated Ωs and Ωh respectively.  

These coordinate systems for the three bones can be seen in Figure 3.1. 

 

Figure 3.1 Bone Coordinate Systems for Hogfors et al Shoulder Model 
(Taken from Hogfors et al., 1987) 
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While the contact and ligament forces were idealized, they were not 

discounted altogether.  The contact forces associated with the joints are all denoted by 

C with a superscript.  The contact force of the sternoclavicular (SC) joint on the 

clavicle is denoted by Cc, the force of the acromioclavicular (AC) joint on the scapula 

is denoted by Cs, the force of the acromioclavicular (AC) joint on the clavicle is 

denoted by –Cs, and the contact force of the glenohumeral (GH) joint on the humerus 

is denoted by N.  There was observed to be a posture where the scapula comes into 

contact with the trunk in two places, the resultant contact forces were modeled to be 

normal to the trunk using two forces denoted by sN1 and sN2 respectively.  All of the 

joint contact forces and the forces due to ligaments were considered to act at the 

origins of the three bone coordinate systems, Ωc, Ωc, and Ωc (Hogfors et al, 1987).  

This assumption accounts for the idealization that these forces produce no moments 

about the origins of the coordinate systems. 

For the kinematics of the model, the authors use twelve (12) degrees of 

freedom (dof), three for each bone and three for the position of the center of the 

humeral head.  The degrees of freedom are described using three Cartesian 

coordinates for the head of the humerus and three Euler angles (ψ1, ψ2, ψ3) that 

describe the orientation of the bone coordinate systems relative to the origin of the 

sternum system (Ω).  The Euler angles are determined based on Euler’s rotation 

theorem where general rotation around a specified point can be written as rotation 

matrices and from these rotation matrices a transformation relating the different 

coordinate systems can be derived (Equation 3.1). 
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Xi = Qi + Σj (Rij Aj)        (3.1) 

 

Where Xi is the point coordinates for all i = 1,2,3 in the sternum system, Qi 

are the coordinates, in the sternum system, of the origin of the system being related, 

Ai are the coordinates of the system being related to the sternum system, and R is the 

Euler angle rotation matrix shown in Equation 3.2. 

Rij = (                 )   (3.2) 

 

The authors found that the calculations of the relational transformation 

variable often required use of different Euler angles because no single set of Euler 

angles accurately accounts for the orientation and angle of the different coordinate 

systems at different fixed points.  For this, the authors used Euler angles that varied in 

their rotation about different axes. 

When calculating the effect of external loads on the system as a whole, the 

authors considered the external load as well as the load of the limb segments as a 

force system acting at the origin of the humerus coordinate system (Ωh) with the wrist 

always being held straight along the long axis of the forearm.  When calculating these 

loads, the authors used the standard right-hand coordinate systems with the y-axis 

being vertically in the sagittal plane, the x-axis being horizontally forward in the 

cos ψ1 cos ψ3 – sin ψ1 cos ψ2  sin ψ3 - cos ψ1 sinψ3 - sin ψ1 cos ψ2 cos ψ3 - sin ψ1 sin ψ2 

sin ψ1 cos ψ3 + cos ψ1 cos ψ2 sin ψ3 - sin ψ1 sin ψ3 + cos ψ1 cos ψ2 cos ψ3 - cos ψ1 sin ψ2 

sin ψ2 sinψ3  sinψ2 cos ψ3   cos ψ2 
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sagittal plane, and the z-axis being perpendicular to the x-axis in the frontal plane.  

The authors break the force and moment components of the external force into 

coordinate components based on the appropriate axes.  The force and moment 

components are as follows:  Fx, Fy, Fz, Mx, My, Mz.  For each of these, there is a 

corresponding force and moment system at the humerus coordinate system origin 

(Ωh) (fx, fy, fz, mx, my, mz) (Hogfors et al, 1987).     

For this force system: m1 is the mass of the upper arm, m2 is the mass of the 

forearm, m3 is the mass of the hand; all with respect to total body mass (M); h is the 

length of the humerus, d is the length of the forearm and the length from the distal 

end of the forearm to the center of mass of the hand, g is the gravitational acceleration 

constant, t1 is the center of mass of the upper arm in terms of h from the humeral 

head, and t2 is the center of gravity of the forearm in terms of d from the proximal end 

of the forearm (elbow) (Equations 3.3-3.8).  In the original publication, it is unclear 

from where the authors referenced these calculations, but it is assumed that the 

authors use the standard anthropometric data put forth by Dempster (1955) based on 

references from Winters (2005). 

  m1 = 0.027 M      (3.3) 

  m2 = 0.017 M      (3.4) 

  m3 = 0.006 M      (3.5) 

  d = 0.789 h      (3.6) 

  t1 = 0.436      (3.7) 

  t2 = 0.530      (3.8) 

 



Texas Tech University, Adam Pickens, August 2008 

 40 

All of the K’ notations (Equations 3.9-3.14) are angle-dependant functions.  In 

the K’ functions, α is the angle between the upper arm and the negative y-axis, β is 

the angle between the upper arm and the z-axis, γ is the angle between the upper and 

lower arm, and δ is the axial angle of the upper arm (Hogfors et al, 1987).  The 

authors note for clarification that when δ is equal to zero (0) the upper and lower arms 

are in the same vertical plane. 

  K1 = sin α cos β     (3.9) 

  K2 = -sin α cos β cos γ + cos α cos β sin γ cos δ - (3.10) 

            sin β sin γ sin δ 

  K3 = cos α      (3.11) 

  K4 = -cos α cos γ - sin α sin γ cos δ   (3.12) 

  K5 = sin α cos α     (3.13) 

  K6 = -sin α sin β cos γ + cos α sin β sin γ cos δ + (3.14) 

            cos β sin γ sin δ 

 

All of the equations in this section were taken directly from the original 

publication (1987) of the Hogfors et al. article.  The authors express the previously 

described force system at Ωh as follows (Equations 3.15 - 3.20) (Hogfors et al, 1987). 

   fx = Fx       (3.15) 

   fy = Fy – (m1 + m2 + m3) g    (3.16) 

   fz = Fz       (3.17) 

   mx = Mx – (Fy – m3g)(hK1 + dK2) – F2(hK3 + dK4)   (3.18) 

            + h(m1gt1 + m2)K1 + dm2gt2K2 
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   my = My + Fx(hK1 + dK2) – Fz(hK5 dK6)  (3.19) 

 

   mz = M2 + Fx(hK3 + dK4) + (Fy – m3g) *   (3.20) 

           (hK5 + dK6) h (m1gt1 + m2)K5 – (dm2gt2K6) 

 
 

3.2.2 Dickerson Model 

 From the Hogfors et al. (1987) model, much work has been done in attempts 

to better quantify the loading on the shoulder due to external loads (Hogfors 1991, 

1995; Karlsson 1992; van der Helm 1991, 1992, 1994a, 1994b; de Groot 1997, 1998, 

1999; Pronk 1989; Makhsous et al. 1999; Veeger 1991a, 1991b).  Most recently 

Dickerson (2005) developed a biomechanical model of the shoulder that differs from 

the previous ones in one key point; it accounts for dynamic movement whereas the 

previous models had only looked at loading in static postures.  Dickerson (2005) 

breaks the model down into three component parts:  a geometric shoulder mechanism 

model, an external dynamic shoulder torque model, and an internal muscle force 

prediction model.  Each of these three components will be described further in detail.   

 The first component of the Dickerson model is the geometric shoulder model.  

The bone parameters for this model are taken from the Hogfors et al (1987) model 

description, meaning that the model consists of the four bones of the shoulder 

mechanism described by Hogfors et al.  The only difference is the addition of a 

combined segment for the forearm.  The geometric model proposed by Dickerson 

does vary, however, from the Hogfors et al model.  While Hogfors et al used cadavers 
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to study the range of motion; Dickerson used living human subjects for the collection 

of motion data.  From this data, Dickerson used a description of all joints as spherical 

with three degrees of freedom (dof).  The only exception to this is the elbow, which 

was assigned one degree of freedom (dof).  From the described bone parameters and 

experimental palpation, the geometric shoulder model Dickerson developed is 

composed of six separate coordinate systems.  The coordinate systems are:  the 

sternum system, torso system, clavicle system, humerus system, scapula system, and 

the forearm system.   

The sternum system consists of the sternoclavicular notch, the C7/T1 

intervertebral space, and the L5/S1 intervertebral space with the origin at the right 

sternoclavicular joint.  The coordinate orientation of the system is such that the 

positive x-axis is directed to the right in the coronal plane, the positive y-axis is 

directed anteriorly in the sagittal plane, and the positive z-axis is directed cranially.  

The torso and clavicle systems use the same anatomical landmarks as the sternum 

system, but the coordinate planes are different.  In the torso system, the x-y plane 

contains both of the first two thoracic vertebrae.  This change shifts the orientation of 

the x-y plane, producing approximately a 20o forward (anterior) tilt.  The clavicle 

system shares the same origin as the torso system, but its axes are based on different 

landmarks.  It shares the positive z-axis with the torso system, but the positive x-axis 

goes through the center of the acromioclavicular (AC) joint.  From these axes, the 

positive y-axis was fixed orthogonally forward (anteriorly) (Dickerson, 2005).   

Unlike the other three systems, the scapula, humerus, and forearm systems 

each have distinct origins and coordinate systems.  The scapula system originates at 
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the acromioclavicular (AC) joint.  Its coordinate system is such that the positive x-

axis is directed toward the inferior axis of the scapula and the positive y-axis is 

directed toward the scapular spine.  Because of the directions of these axes, x-y plane 

contains the superior angle of the scapula in its first quadrant.  The positive z-axis is 

directed anteriorly (Dickerson, 2005).   

The humerus system originates at the center of the humeral head, what 

Dickerson refers to as the HHC.  The positive x-axis is directed such that it runs 

through the elbow joint center, what Dickerson refers to as the EJC.  The positive y-

axis is orthogonal to the x and z-axes and the positive z-axis runs along the lateral 

cross product of the long axes of the forearm and humeral segments.  The forearm 

system originates at the elbow joint center.  Its positive x-axis runs through the center 

of the center of the wrist joint.  Similar to the positive z-axis of the humerus system, 

the positive z-axis of the forearm system runs along the cross product of the humeral 

and forearm segments.  The positive y-axis is orthogonal to the x and z-axes 

(Dickerson, 2005). 

The Dickerson model includes twenty-three (23) muscles.  The attachment 

sites used in this model were adapted from the early Hogfors et al (1987) cadaver 

study.  For each of these attachment sites, Dickerson used a mathematical 

representation where their location is a “fractional distance along each axis, relative 

to the segment length.”  However, because many of the muscles included in the 

model have multiple lines of action (L-O-As), there are more than twenty-three 

mechanical contributions to the geometric portion of the model.  Including all L-O-As 

for the twenty-three muscles included in the model, there are thirty-eight (38) L-O-As 
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considered.  A complete list of these muscles and their number of L-O-As can be 

found in Appendix A.   

While the Hogfors et al (1987) model looked at the muscle L-O-As as straight 

lines, there have since been publications that have taken into account the wrapping of 

muscles around/across bone segments (van der Helm, 1994; Charlton and Johnson, 

2001).  Dickerson used variations of these techniques to account for the wrapping of 

the muscles of the rotator cuff, deltoid, and serratus anterior.  The first technique is a 

variation of that used by van der Helm (1994).  It is described as a spherical wrapping 

technique.  This technique is applied to the muscles of the rotator cuff and the deltoid 

since they wrap around the humeral head.  To account for this, Dickerson first 

assigned a vector connecting the muscle attachment points, defined by the endpoints 

M1 and M2.  To account for the wrapping of the muscle around the humeral head, 

Dickerson used work done by Makhsous (1999) that defined the radius of the humeral 

head as being proportional to the total length of the humerus itself.  The distance from 

the center of the humeral head to the line of action (D) is calculated using equations 

3.21, 3.22, and 3.23.   In these equations, L1 and L2 are vectors with L1 representing 

the distance between M1 and M2, and L2 representing the distance between the center 

of the humeral head and M2.     

       (3.21) 

  

            (3.22) 
 

D =   |L1  x  L2| 

L1 

L1 = M1 – M2 
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          (3.23)  

Once (D) is calculated, it is compared to the radius of the wrapping surface, 

the humeral head, to determine if wrapping is needed.  For this comparison, 

Dickerson uses the work done by Makhsous (1999) where it was determined that the 

radius of the humeral head is proportional to its length.  If it is found that wrapping is 

needed, wrapping coefficients can be calculated from M1, M2, HHC, and the 

magnitude of the radius of the sphere (r) (humeral head radius).  These coefficients 

also take into account the angle from M1 and M2 to the surface of the sphere (humeral 

head), α1 and α2 respectively.  The vectors W1 and W2 can be calculated from these 

angles.  Equations 3.24 and 3.25 demonstrate these calculations.  These equations 

show only α1 and W1, but the same equations can be repeated to calculate α1 and W2. 

 

α1 = arcsin       (3.24) 

W1 = M1 + R(n, α1) * (HHC – M1) * cos(α1)  (3.25) 

 

 This model also takes into account the cylindrical wrapping of muscles around 

the ribcage and torso.  Equation 3.26 is used to determine if the line of the muscle is a 

cylindrical shape and actually does require the application of the wrapping equations.  

This equation uses any point on the line of the muscle or axis of the cylinder (P and Q 

respectively), the vector description of the line of the muscle (u), and the direction of 

the cylinder to be wrapped (v). 

) (  |HHC – M1| 

r 

L2 = HHC – M2 
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 D =         (3.26) 

 

 If it is determined that cylindrical wrapping is required, the wrapping points 

(W1 and W2) can be calculated from the wrapping equations from Charlton and 

Johnson (2001) using the parameters from the spherical wrapping technique (M1, M2, 

α1, α2) as well as additional ones.  The wrapping point equations follow (3.27 & 3.28).  

The additional parameters are l1, l2, VM1P, VM2P, VM1C, VM2C, h1, h2, and VC.  These 

parameters are respectively defined as:  linear distance between M2 and W2, linear 

distance between M1 and W1, the vector from M1 to P, the vector from M2 to P, the 

vector from M1 to C, the vector from M2 to C, the horizontal distance from W1 to M1, 

the horizontal distance from W2 to M2, and the horizontal vector from C (the center of 

the cylinder axis) (Charlton and Johnson, 2001).   

 

  W1 = M1 + l1 cos(α1) * VM1C + l1 sin(α1) * VM1P + h1 * VC  (3.27) 

  W2 = M2 + l2 cos(α2) * VM2C + l2 sin(α1) * VM2P - h2 * VC  (3.28) 

 

 The second component of the Dickerson model is the external dynamic 

shoulder model.  This component was adapted from the gait kinematics quantification 

techniques used by Vaughan et al. (1991).  Dickerson takes the use of Cartesian 

coordinates and Euler angles to define a joint segment’s position in a 3-dimensional 

|PQ x (u x v)| 

       (u x v) 
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space and the use of these to calculate linear and angular kinematics by Vaughan et 

al., and applies it to the arm.  This turns out to be a fairly easy transition from the leg 

to the arm because both models use the three anatomical segments as rigid segments.  

For the application of the work by Vaughan et al. to the arm, there are a few 

requirements, and they are:  the definition of anatomical landmarks, like the 

geometric portion, and a definition of external loads in the biomechanical system.  In 

the anatomical definitions, the three segments of the arm are defined as rigid 

segments starting at the hand and working proximally to the upper arm.   

In order to calculate the specific values of the linear kinematics of the 

segments, the center of mass of the segments must be determined.  Dickerson 

calculates the center-of-mass based on a 1969 publication of Clauser et al.  The 

velocity and acceleration are then calculated using the first and second derivatives of 

the displacement-time data.  The dynamic torque on the joints due to external forces 

is also calculated.  Dickerson uses classical methods of torque calculation here.  The 

torque calculations use Newtonian physics to calculate the forces at the center-of-

mass due to gravitational acceleration and basic torque calculations using the moment 

arms of the center-of-mass and the point of application of the external load.  The joint 

torques are calculated using the segmental moments of inertia, velocities and 

accelerations.   

To account for segmental rotation of the three segments of the arm, Dickerson 

uses Euler angle rotational sequences.  The rotational sequences for each segment fall 

under three categories:  rotation about the flexion/extension axis of the joint, rotation 

about the abduction/adduction axis, and rotation about the longitudinal axis.  The first 
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and second derivatives of the Euler angles are calculated by using the linear 

kinematics technique described by Vaughan et al (1991).  These first and second 

derivatives are used to calculate the angular velocities and accelerations for the 

segments.   

The third component of Dickerson’s model is the muscle force prediction 

model.  This model applies numerical optimization to the equilibrium equations of the 

glenohumeral, acromioclavicular, and sternoclavicular joints as well as the torque 

placed on the elbow by flexion or extension of that joint.  The optimization takes into 

account both the linear and angular systems.  For this optimization to work properly, 

there are some restrictions imposed.  First, all forces must be positive because 

muscles can only produce positive forces through contraction.  So, the lower bound 

for all forces in the system is zero.  Secondly, Dickerson uses the cross-sectional area 

of the muscles obtained by Hogfors et al. (1987) to estimate the maximal value of 

force that each muscle can produce.  This constraint is made by making the 

assumption that the maximal force producible is proportional to the cross-sectional 

area of each muscle.  Third, there is a constraint on the glenohumeral joint contact 

force.  In this constraint, the compressive force generated in the glenohumeral joint is 

distributed along eight linear directions from the center of the joint.  This is done 

using equation 3.29 and 3.30.  In equation 3.29, the stability ratio is calculated using 

data from a study on shear and compressive forces of the glenohumeral joint by 

Lippett and Matsen (1993).  Here Fs is the sheer force in direction i, and Fc is the 

compressive force into the glenoid cavity.  Equation 3.30 uses these directional 

stability calculations to estimate the total glenohumeral contact force.  Here Jgh is 
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fi 
PCSAi 

i = 1 

38 

defined as the contact force on the glenohumeral joint, ci are the stability coefficients, 

and Si are the stability ratios calculated using equation 3.29.   

 

Si =    (Fs/Fc )                    (3.29) 

Jgh = ∑i=1-8 ci * Si              (3.30) 

 

 Dickerson uses an objective function for the optimization that is the cube of 

the combined muscle stresses.  This objective function (3.31) uses the cross-sectional 

area (PCSAi) of each of the thirty-eight (38) muscles involved and the force 

prediction of each muscle (fi).  

  Θ = ∑  (    )      (3.31) 

 

  Ax = B        (3.32) 

 

The system is solved at each time interval throughout the range of motion.  

The solution of each interval is used as the initial condition for the next iteration for 

the standard minimization optimization routine of the mechanical system of the 

shoulder (Dickerson, 2005).  The constraints of the optimization are to minimize the 

objective function (Θ) and the linear equality constraints (equation 3.32).  

Dickerson’s model includes twenty-two equality constraints and sixty unknown 
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variables.  The equality constraints are for mechanical equilibrium and the forces on 

the glenohumeral joint, and the unknown variables are the muscle, ligament, and joint 

contact forces, scapulothoracic contact forces, and directional stability coefficients.  

In solving for these sixty unknown variables, a 22 x 60, a 60 x 1, and a 22 x 1 matrix 

are used.  These matrices are A, x, and B respectively in the linear equality constraint 

(equation 3.32).  The output of the optimization routine yields the absolute and 

normalized force outputs for the muscles.  The absolute forces are the absolute values 

of forces produced by the different muscles and have been found most useful in 

assessing the major contributors to torque on the shoulder system when external loads 

are applied.  The normalized forces are calculated as percentages of the maximal 

predicted forces for each muscle and are best used in predicting which muscles, for a 

given load, are approaching their maximum predicted capabilities (Dickerson, 2005).   

 

3.2.3 Chalmers Model 

  While there has been much work done that takes cues from the original 

Hogfors et al. (1987) article, including the most recent dynamic model put forth by 

Dickerson (2005), for the purposes of this study, the focus will be on the 

computerized Chalmers Model developed by Peterson, Makhsous, and Siemienski.  

The main reasons for the use of this model and not the others are its ease of use, 

accessibility, and output cohesion with that of the cervical spine model to be used.  

This model is a computerized version of the previously described Hogfors et al. 

(1987) model.  The anatomical configuration for the computerized model, as well as 

the numerical calculations of the forces, on the joints is taken from the original work 
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by Hogfors et al. (1987) as well as some of the subsequent work by the authors 

(Hogfors et al., 1991; Karlsson and Peterson, 1992; Peterson, 1994).  The model also 

includes estimated force productions for the musculature of the shoulder complex.  

To do this, the model is constructed using two sets of muscle parameters.  The first is 

the default muscle parameters (DMP).  These sets of parameters are the normalized 

cross-sectional areas of the muscles.  The normalized cross-sectional areas of the 

muscles represent the relative capacities of the muscles under the assumption that the 

force-producing capacity of the muscle is relative to the cross-sectional area of the 

muscles (Karlsson and Peterson, 1992).  The data for the cross-sectional areas of the 

muscles came from Karlsson and Jarvholm (1988) in which they measured the 

physiological cross-sectional area of all the muscles described in the Hogfors et al. 

(1987) paper.  The measurement of the physiological cross-sectional area of the 

muscles is adapted from a method introduced by Brand et al. (1981).  This method of 

measurement is defined as “the muscle’s volume divided by fiber length” (Brand et 

al., 1981).  Karlsson and Jarvholm (1988) used six cadaver shoulders (2 male and 4 

female) for the data collection.   

The model also uses what is referred to as “adjusted muscle parameters”, or AMP.  

These parameters were taken directly from the published works of Makhsous et al. 

(1996), MacDougall et al. (1980), and Palastanga et al. (1989).  In all these studies, 

researchers documented the changes in cross-sectional area of the musculature of the 

shoulder as the result of training.   

Using the relative capacities from Karlsson and Peterson (1992), the model can 

estimate the relative load on the shoulder joint.  To do this, forces for each muscle 
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must be estimated.  There is a problem with this, however.  There are more muscles 

in the shoulder than there are degrees of freedom in the model.  To get around this, 

the model employs an optimization of an objective function.  There are two options 

for this in the program: a quadratic optimization and a soft saturation optimization 

method (Siemienski, 1992).  The quadratic optimization uses the objective function in 

Equation 3.33 and the soft saturation method uses the objective function in Equation 

3.34.  For these equations, Fi is the internal muscle force of the ith muscle and Fimax is 

the maximum value of the ith muscle as estimated from the DMP or AMP. 

 

  Σi (Fi / Fimax)2       (3.33) 

  Σi (1- √{1 - (Fi / Fimax)2}     (3.34) 

 

The quadratic method here is the standard quadratic programming method in 

which a quadratic approximation is used to estimate a nonlinear problem.  The soft 

saturation method used here was developed by Siemienski (1992).  This method uses 

a modified quadratic method to estimate load sharing between muscles.  It was found 

that this method works best for forces approaching the maximum estimated force for 

the muscles.  

In a publication by Makhsous et al. (1999) detailing a study to test the validity of 

the model, it was found that the adjusted muscle parameters, AMP, showed a better 

correlation between experimental data and calculated strength profiles for the subjects 

using the model.  The strength of the correlation was such that they concluded that 

muscle force output in vivo could be estimated using the model and the AMP. 
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3.3 Cervical Spine Models:  Biomechanical Modeling Techniques 

While both approaches, optimization-based and EMG-based, have their 

advantages, both have their drawbacks as well.  It has been found historically that 

EMG-based techniques more accurately account for the activity of antagonistic 

muscles.  Several studies comparing the different techniques have found that 

optimization-based techniques predict muscles to be inactive when EMG data shows 

them to be active (Ladin, Murthy, & Deluca, 1989; Pedersen, Brand, Cheng, & Arora, 

1987; Schultz & Andersson, 1981).  While some of these studies (Ladin, Murthy, & 

De Luca, 1989; Schultz & Andersson, 1981) were conducted on the lower back, the 

application to the findings of the cervical spine modeling is relevant.  Choi and 

Vanderby (1999) examined the different techniques and validated the findings of the 

previous studies, that the optimization-based approach yielded predicted muscle 

forces and spinal loads that were “dramatically different” from the EMG-based 

techniques.  It was found in this study that the optimization-based technique nullified 

several muscle forces from a majority of flexor muscles in different anatomical 

postures.   

While it is true that some studies have found discrepancies in the muscle 

activation patterns of the optimization approaches, it is also the case that there have 

been many difficulties in translating collected EMG data to muscle force production.  

There have been several attempts made to estimate the force of the muscles based on 

collected EMG data.  Choi and Vanderby (1999) used Equation 3.33 to calculate this 

force expressed as a fraction of the maximum electromyographic activity observed.  
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In this equation, ai is the cross-sectional area of each muscle, σmax is the maximum 

force generated per unit of cross-sectional area. 

fi  =  (          )      ai σmax    (3.35) 

In addition to the work done by Choi and Vanderby (1999), McGill (1992), 

Granata and Marras (1993), Cholewicki and McGill (1995) Theeuwen et al. (1996) 

and Naussbaum and Chaffin (1998) attempted to estimate the force produced from 

muscles based on EMG data.  Their work is best summed up in a common equation 

(3.34) that accounts for a gain parameter (G), EMG normalized values normalized to 

a MVC (NEMG), the expected length of the muscle during exertion (flength), the speed 

of shortening of the muscle (fvel), and the passive tension on the muscle beyond 

resting length (Fp).   

 

   
Fm = [G x NEMG x flength x fvel] + Fp    (3.36) 
 
 
 

Although there are multiple methods for calculating muscle force production from 

EMG activity, there are several inherent problems associated with these methods.  

First, are the inherent disadvantages of surface electromyography.  Some of those 

problems include:  limitation of use to superficial muscles and they cannot be used to 

selectively detect signals from small muscles because of  “cross-talk” between 

adjacent muscles (Basmajian and DeLuca, 1985). 

1/1.3 emg 
emgmax 
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In addition to the difficulties associated with surface electromyography, there are 

difficulties associated with the attainment and reliability of the input variables for the 

various formulas proposed for force estimation.  Closer examination of the formulas 

used reveals this intrinsic variability.  The method used by Choi and Vanderby (1999) 

requires estimation of the cross-sectional area of the muscles involved and the force 

estimation per cross-sectional area for each muscle.  The force estimation method 

used by McGill (1992), Granata and Marras (1993), Cholewicki and McGill (1995), 

Theeuwen et al. (1996) and Nussbaum and Chaffin (1998) also faces some similar 

issues.  While there are methods for estimating the variables in these methods, there is 

variability between subjects.  This physiological variability reduces the reliability and 

validity of each method because of their reliance on the accuracy of these estimates.   

 
 

3.3.1 Physiological Basis of EMG 

To better understand the problems of surface electromyography and the 

attainment of signals from only superficial muscles and not deep ones, it is important 

to understand the physiology of the musculature and how the electrical signals are 

generated.  Muscle fibers are surrounded by a semipermeable lipid bilayer called the 

sarcolemma.  This layer has channels that keep the intracellular fluid and the 

extracellular fluid separate (Astrand et al., 2003).   The need to keep the fluids 

separate is the difference in the ion composition of the two.  The intracellular fluid is 

mainly composed of potassium ions (K+) and an inorganic ion (A-) while the 

extracellular (interstitial) fluid is composed mainly of sodium (Na+) and chloride (Cl-) 

ions (NIOSH, 1992).  The potassium ions are relatively small and able to transverse 
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the membrane into the extracellular fluid.  This crossing of the membrane is due to 

osmosis.  The high concentration of potassium ions in the intracellular fluid and the 

relatively small concentration in the extracellular fluid create a concentration 

gradient.  The same is true for the chloride ions in the extracellular fluid.  Through 

osmosis, the potassium ions will diffuse down the concentration gradient and into the 

extracellular fluid and the chloride ions will diffuse down the gradient and into the 

intracellular fluid.  This diffusion, along with the fact that the organic ions are too 

large to cross the membrane and the fact that the sodium ions cannot cross the 

membrane in as large of numbers as the smaller potassium ions, creates an electrical 

potential difference (Astrand et al., 2003).  The electrical potential difference, for 

resting membrane potential, of the muscle cell is –80mV for the intracellular fluid 

relative to the interstitial fluid (NIOSH, 1992).   

When there is activity in the nervous system to activate the muscles, a 

neurotransmitter, acetylcholine, is released causing a rapid depolarization of the 

muscle.  This depolarization causes an increase in the membrane permeability to 

sodium (Na+).  This increased permeability causes a massive rush of sodium across 

the membrane and into the muscle fiber (Astrand, 2003).  This creates what is 

referred to as an action potential.  The action potential is essentially a reversal in the 

polarity of the cell, now creating an electrical potential inside the cell of +20mV 

relative to the interstitial fluid.  Upon reaching this potential, the cell repolarizes.  The 

repolarization is initiated by a decreased influx of sodium ions (Na+) and an increased 

efflux of potassium ions (K+) through voltage-gated potassium channels as well as the 

concentration gradient (Astrand et al., 2003; NIOSH, 1992).  The propagation of this 
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action potential along the muscle fiber and the subsequent recruitment of multiple 

muscle fibers is the basis for electromyography.   

 

3.3.2 Moroney Model   

In order to estimate the loads on the cervical spine, it is necessary to use a 

biomechanical model.  Choi and Vanderby (1999) used a biomechanical model 

similar to that of Moroney et al. (1988) and showed that it could be used in 

combination with an EMG-based approach to muscle force prediction and accurately 

predict loads on the cervical spine.  Because of these results, the Moroney et al. 

(1988) biomechanical model will be the basis for compressive force calculations in 

this study.   

In the original Moroney et al. (1988) model, fourteen (14) bilateral pairs of 

muscles were modeled and were grouped into eight (8) locations.  The grouping of 

the muscles was based on function and on the assumption that the muscles of the 

groups are the same in their electromyographic activity as a percent of their MVC.  

That assumption will be the same for this study.  For the purposes of this study, 

surface EMG signals will be used to measure muscle activity for the 

sternocleidomastoid, upper trapezius, the splenius and the levator scapula muscles 

bilaterally in an attempt to validate the findings of the model.   

The Moroney et al. (1988) model uses scaled drawings of the cross section of the 

neck at the C4/C5 disc made using data from Eycleshymer and Schoemaker (1911) to 

calculate the cross sectional area, lines of action, centroids, and moment arms of the 

neck musculature.  All calculations are made relative to the diameter of the neck in an 
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attempt to account for physiologic variability.  A three-dimensional orthogonal 

coordinate system is used for all moment calculations.  The axes are positive to the 

left, posterior, and the superior.  Using this axis system and the data calculated from 

the scaled drawings, it is then possible to express the forces acting on the neck as 

static equilibrium equations.  There are three force equations, representing the X, Y, 

and Z forces as well as three moment equations representing moments about the three 

corresponding axes.  This allows for the estimation of compressive loads the 

moments and shear forces on the C4-C5 disc.   

In order to estimate the compressive forces on the spine, the contractile forces of 

the musculature of the spine must be estimated.  Moroney et al. (1998) uses a double 

linear optimization technique employed by Bean, Chaffin and Schultz (1988) to 

estimate these forces.  In this optimization method, two sequential linear programs are 

used to minimize muscle intensity and joint compression forces (Bean, Chaffin, and 

Schultz; 1988).  The procedure for this optimization technique minimizes the muscle 

contraction intensity necessary to maintain the static equilibrium based on an applied 

external load.  This intensity value is set as the upper bound and the muscle 

equivalent forces are calculated using the same linear programming method.  One of 

the benefits that Bean, Chaffin, and Schultz (1988) found in using this double linear 

optimization technique is that it provides greater sensitivity for each constraint.  This 

sensitivity allows for the determination of a change in spinal compression based on a 

unit change in the external load. 

The formulation of the equations for this method follows standard linear 

programming techniques.  Equation set 3.35 represents the basic set of equations for 
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the optimization technique.  The objective function is set to minimize I (intensity), 

and the constraints include the component of the moment arm of muscle j about axis I 

(aij), the component of the external load about axis I (bi), the inverse of the cross-

sectional area of muscle j (dj), the muscle forces (xj), and contraction intensity (I).  

For the equations, (m) is the total number of muscles being modeled. 

  

 Objective Function:  minimize I    (3.37) 

  Subject to:  ∑m
j=1 aij xj = bi,  i= 1,2,3 

          djxj ≤ I,   j = 1,2,…,m 

          xj ≥ 0   j = 1,2,…,m 

 

In this optimization sequence, the constraints allow for moment equilibrium, the 

contraction of each individual muscle not be greater than the total intensity, and that 

all forces generated be positive.   

 

3.4 Modeling Summary  

For the purposes of this study, the procedure for estimating muscle forces due 

to hand loads was adapted mainly from Woldstad and Nicolalde (2001) and 

Moroney et al. (1988).  The results of the work of Woldstad and Nicolalde (2001), 

showing that hand loads contribute to the force exerted by muscles on the cervical 

spine, allow for muscle force prediction in the attempt to quantify the load on the 

cervical spine from hand loads.  The Chalmers Computerized Shoulder Model 
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will be tested for its accuracy in predicting the muscle activity in the shared neck 

and shoulder musculature. 

In this experiment, EMG was used to validate the predicted muscle activities 

from the Chalmers model.  Subjects performed a one-hand lifting task that could 

be replicated in the Chalmers model.  EMG data was collected during the task.  

The observed EMG values were compared to the model predictions to estimate 

the model’s accuracy in predicting muscle activity for the shared musculature of 

the neck and shoulder (sternoclediomastoid, upper trapezius, and levator 

scapulae).  The purpose of this is to validate the model in hope of using it ,or a 

variant, in developing a combined neck and shoulder model.   
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CHAPTER IV 

METHODS AND MATERIALS 

 

4.1 Introduction 

Musculoskeletal injuries to the cervical region of the spine have historically been 

linked to many different injury mechanisms.  These injury mechanisms range from 

acceleration injuries (whiplash) to injuries associated with lifting heavy loads 

(Hagberg, 1987; Herberts et al., 1981; Nygren et al., 1995; Sakakibara et al., 1987, 

1995; Westgaard and Aaras, 1984).  Aaras and Ro (1997) found that frequently 

repeated lifts as, low as 1% of the MVC, are correlated to musculoskeletal injuries of 

the neck and shoulder.  In epidemiologic studies by NIOSH (1997), it has been found 

that repetition, forceful exertion, and extreme postures contribute to musculoskeletal 

disorders of the cervical spine and shoulder.  These musculoskeletal disorders have 

led to an increase in the number of permanent disability cases due to degeneration of 

cervical spine discs (Nygren et al., 1995).   

Much work has been done in the area of biomechanics in an attempt to quantify 

the loads on the neck and shoulder.  The modeling work on the biomechanics of the 

shoulder has centered on muscle force prediction through electromyography 

(Laursen, 1998, 2003; Wood et al., 1989a, 1989b) and optimization (Hogfors, 1987, 

1991, 1995; Karlsson, 1992; van der Helm, 1991, 1992, 1994a, 1994b; de Groot, 

1997, 1998, 1999; Pronk, 1989; Makhsous, 1999; and Veeger, 1991a, 1991b).   
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The current modeling work, focusing on the cervical spine, tries to estimate the 

compressive forces on the neck using optimization techniques to estimate the muscle 

forces involved (Moroney et al, 1988; Moroney, 1984).  While these methods, 

developed from earlier lumbar modeling techniques, have proven effective in 

compressive force estimation, they do not allow for a wide range of physical tasks.  

Most specifically, they do not allow for the inclusion of the effects of hand loads on 

the compressive forces at the cervical spine.  It has been demonstrated (Woldstad & 

Nicolalde, 2001) that EMG levels increase in the musculature of the neck as hand 

loads are increased.  From their findings, Woldstad and Nicolalde (2001) theorized 

that this increase in muscle activity corresponds to an increase in the compressive 

forces acting on the cervical spine.  That is the aim of this study; to use EMG to 

validate muscle force estimates from currently available biomechanical models in an 

attempt to estimate the contribution of hand loads to the compressive forces on 

cervical discs.   

In testing the validity of the model, a high-risk task will be evaluated.  The task is 

baggage handling by Transportation Security Administration (TSA) baggage 

screeners.  Based on previous study findings, the nature of the work performed by 

TSA baggage screeners is such that it would lend itself to injuries of the neck and 

shoulder.  Current epidemiological data supports this estimation.  The injury rate for 

the TSA for the 2006 fiscal year was 14.61 injuries per 100 workers, highest among 

U.S. governmental agencies.  The TSA also had the highest rate of lost time cases in 

the U.S. government; 7.95 lost time cases per 100 workers (DOL, 2006). 
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In examining the injury data and studying the available neck and shoulder models, 

it was evident that a need for work examining the compressive forces on the cervical 

spine due to hand loads was needed.  The injury data suggests that a mechanism 

exists for trauma to the cervical spine as the result of hand loads.  This is confirmed 

when the anatomy of the neck and shoulder is more closely examined.  The shoulder 

girdle and the cervical spine share common muscles.  This shared musculature infers 

a connection between forces and moments generated in the shoulder and those in the 

cervical spine.  The driving force behind this study is that in both current neck and 

shoulder models, there is a disconnect between the forces and moments in the 

shoulder and those in the cervical spine.   

In an effort to estimate the forces on the cervical spine as a result of hand loads, 

this study attempts to take an existing model of the shoulder and use its predicted 

muscle forces for shared muscles between the neck and shoulder as inputs to an 

existing cervical spine model.  In order to do this, EMG was used to assess the 

accuracy of the shoulder model muscle activity predictions.  EMG data were 

collected for specified muscles during a lifting task known to be associated with neck 

and shoulder trauma.  The peak EMG values for each trial were normalized using 

peak EMG values collected during a series of isometric maximum voluntary 

contraction (MVC) tasks.  

For the shoulder model used here, several anatomical angular inputs are required.  

For those inputs, three-dimensional motion capture data were collected along with 

EMG data for each trial.  For each trial, the appropriate angular calculations were 

calculated for the model inputs.  The muscle activity predictions, for the specified 
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muscles, were then compared to the corresponding normalized EMG muscle activity 

collected for each trial. 

 

 

4.2 Subjects 

Subjects in this study were recruited from the student population of Texas Tech 

University.  A total of five (5) male and five (5) female subjects were recruited for the 

study.  Male subjects had an average age of 22.8 years, an average height of 70.2 

inches, and an average weight of 177.8 pounds.  The female subjects had an average 

age of 22.6 years, an average height of 66.4 inches, and an average weight of 146.2 

pounds.  The Texas Tech University IRB Protection of Human Subjects Committee 

approved all procedures for subject use.  Each subject participated in data collection 

periods that lasted approximately 3 hours.  Of that time, the approximate breakdown 

was as follows:  30 minutes were allotted for briefing about data collection 

procedures and subject screening/permission form completion, 30 minutes for 

electrode placement and verification, 30 minutes for MVC exercise data collection, 

and an hour and a half for task data collection. 

Before subjects’ inclusion in the experiment, all were required fill out a personal 

data sheet and sign a consent form.  The data sheet inquired about age, gender, and a 

brief medical history.  The consent form informed the subjects of the payment 

schedule, potential risks involved, the tasks involved in the study, all contact 

information, and any applicable information regarding physical injury during the task.  

If a subject’s medical history was such that the tasks involved in the experiment were 
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deemed too risky for the subject, the subject was dismissed from the study.  Such 

criteria for exclusion include any physical problems that may be exacerbated by 

participation in this study.  Physical problems such as any preexisting neck, shoulder, 

or arm injury or a history of blood pressure irregularities all are grounds for 

exclusion.   

 

Table 4.1.  Subject data 

Females     Males   

      

Avg. Age (yr) 22.6  Avg. Age (yr) 22.8 

Std. Dev. 0.89  Std. Dev. 1.48 

       

Avg. Height (in) 66.4  Avg. Height (in) 70.2 

Std. Dev. 2.88  Std. Dev. 2.17 

       

Avg Weight (lb) 146.2  Avg Weight (lb) 177.8 

Std. Dev. 32.93  Std. Dev. 22.73 

          

 

 

Eight (8) of the ten (10) subjects were paid for their participation ($7.50/hr).  

Two (2) subjects, one male and one female refused payment and participated in the 

study with no monetary compensation.  These two subjects were TTU employees and 

would have had to complete additional paperwork to receive the compensation.  Once 
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informed of the additional paperwork, both subjects decided to participate without 

monetary compensation. 

4.3 Apparatus:  General Description 

There are two specific systems used in this experiment:  motion capture and 

electromyographic equipment.  Sections 4.3.1 and 4.3.2 respectively specify the 

details of the separate systems. 

 

4.3.1 Motion Capture 

The real-time motion capture system used was a product of the Motion Analysis 

CorporationTM, EVa RealTime Version 4.4.  This system used infrared light and 

reflective markers on the subjects to track three-dimensional movement via a multiple 

camera system.  The cameras were Falcon High Speed, High Resolution cameras 

produced by Motion AnalysisTM.  They have Cosmicar® Television 6mm lenses.  A 

Motion AnalysisTM Falcon MAC Lites strobe generator produces the infrared light for 

each camera.  The cameras collect data based on a three-dimensional reference field 

set up during calibration.  The data for each marker is digitized using a Motion 

AnalysisTM digitizer.  The digitized data was collected using Motion Analysis 

CorporationTM software.  The EVa RT software allows for the collection and 

manipulation of the digitized data.  This software is run on a Dell® Precision 670 

running Microsoft® WindowsTM XP Professional.  This desktop has dual Intel® 

XenonTM 3.2GHz processors, 2GB of RAM, and dual 232GB hard drives. 

The system setup used a seven-camera setup.  Cameras were arranged around the 

subject so that each reflective marker was visible by at least three cameras at all 



Texas Tech University, Adam Pickens, August 2008 

 67 

times.  Photos and an overhead schematic of this setup can be seen in Figures 4.1 and 

4.2 respectively.  For data collection, the system cycled at 60hZ.  Data for this system 

was output in a text file that could be opened and manipulated in a Microsoft® 

ExcelTM worksheet.  The data were in the form of X-Y-Z coordinate displacement 

data for each marker with respect to the recording time.  A subject sample for this 

data can be found in Appendix I.   

 

 Figure 4.1.  Motion capture camera setup 

 

Marker placement on subjects included the right wrist, the right elbow, the 

right and left shoulders, and the C4/C5 vertebral joint.  The exact description for the 

location of these markers can be found in Table 4.2 and seen in Figure 4.3.  The 
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marker locations were adapted from palpable physical landmarks used in 

anthropometric link length measurement (Chaffin, Andersson, and Martin, 2006; 

Dempster, 1955; Winters, 2005).  The reason for these placements stems from the 

experimental design.  The placement of the markers on the wrist, elbow, both 

shoulders, and neck allowed for the necessary angular calculations for input into the 

Chalmers computerized shoulder model.   

 

Figure 4.2. Schematic representation of camera layout 
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Table 4.2.  Reflective marker placement 

Placement  Physical landmark 

Rt. Wrist 
  

Ulnar Styloid 

Rt. Elbow   Lateral Epicondyle 

Shoulders   Acromion 

Neck    C4/C5 joint center 

Back of Head  Centered location on back of skull 

Low Back  L5/S1 joint Center 

 

 

Figure 4.3. Reflective Marker Placement 
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4.3.2 Electromyography 

Electromyography was used to gather data on the activation of specific muscles in 

the neck and shoulder.  The system used was the Delsys® Bagnoli-8 EMG System.  It 

was an eight-channel system that allows for the use of surface electrodes in the 

gathering of EMG signals from selected musculature.  The system allows for a 

selected gain of 100, 1000, or 10000.  For all data collection, the gain setting of 1000 

was selected.  This setting was chosen because it will allow for the best sensitivity to 

the chosen musculature without creating excessive noise.  Using Equation 4.1, the 

gain setting of 1000 will allow for EMG signals of +/- 1mV to +/- 5mV to result in 

output voltage signals of +/- 1V to +/- 5V (Basmajian and DeLuca, 1985).  The 

system had two internal signal quality checks for each line:  one for line interference 

and one for an excessive gain setting.  The main amplifier unit filtered the signals 

using a bandpass filter set to cutoff frequencies of 20Hz and 450Hz.   

 

   gain = 20 log │Vout / Vin│    (4.1) 

 

The electrodes used in this system were differential surface electrodes.  

Differential surface electrodes are essentially bipolar electrodes.  They detect the 

electrical action potential of the muscle in two places and subtract the two detected 

potentials.  This differential arrangement allows for the elimination of signal 

interference or noise from the electromagnetic fields generated by power cords or 

electrical devices as well as any “common mode” components in the signals 
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(Basmajian and De Luca, 1985; NIOSH 1992).  In the equipment used, there is one 

common electrode for the bipolar setup.  It is shielded internally to prevent ambient 

electrical noise.  It has electrodes in the form of 10mm long, 1mm diameter, 99.9% 

pure silver bars spaced 10mm apart.  This configuration of the electrode can be seen 

in Figure 4.4. The electrode is such that the bars are parallel to one another and can 

easily be placed perpendicular to the line-of-action of the muscle.  The parallel 

orientation of the electrode allows for less impedance from the muscle structure and 

ultimately allow for collection of a stronger signal (Basmajian and DeLuca, 1985; 

NIOSH, 1992). 

 

 

Figure 4.4.  Electrode Design and Layout  (Taken from Delsys® Bagnoli-8 
manual) 

 

 The difference between the two signals is amplified via the preamplifier with 

a 10x gain setting in the electrode housing and sent to a common interface unit.  This 

common interface unit has four channel inputs and one reference electrode input.  For 

the setup, there are two interface units to allow for eight channels of input.  The 



Texas Tech University, Adam Pickens, August 2008 

 72 

a 

 

b 

 
a 

b 

interface units are connected to an Interface Unit I/O cable.  This cable is a common 

25 ft long shielded cable that carries the amplified differential signals for all eight 

inputs as well as the reference signal input to the main amplifier unit as well as 

provide power for the electrodes.  The main amplifier unit receives the input from the 

eight input channels, applies the selected gain for each channel, and outputs the 

signals.  The signal is filtered through the band-pass filter with the output of the 

filtered signals being provided in this setup via eight BNC output connectors each 

producing an individualized analog output channel for each of the eight electrodes.  

The analog signals from the main amplifier unit are digitized using a National 

Instruments SCB-68 analog-to-digital converter board connected to a Dell GX270 

desktop computer.  The collected and digitized filtered data were recorded using a 

program written in National Instruments LabView 7.0 software.  The raw data 

collected with LabView were exported into a Microsoft® Excel TM worksheet where it 

was integrated and analyzed.  Integration of the raw data was performed using 

Equation 4.2.  Examples of the integrated and nonintegrated signals can be seen in 

Figure 4.5.  A schematic representing this layout is shown in Figure 4.6.   

 

   ∫f(x)               [F(x)]                 F(b) – F(a)  (4.2) 
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(a)  

 

(b)  

Figure 4.5.  (a) Raw EMG Data, (b) Integrated EMG Data 

 

A reference (ground) electrode used, as with all bipolar electrode configurations.  

This reference electrode was placed in a neutral (inactive) electrical location on the 
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body.  In referring to this site as neutral or inactive, it is intended to mean that the 

selected site have no anatomical association and only minimal physiological 

association with the active sites (Basmajian and De Luca, 1985).  The reference 

electrode detects the electrical potential of the inactive site and serves as a reference 

for the electrical potential measured at the active electrode sites.  In this procedure, 

the inactive site of choice is the left elbow (olecranon).   
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Figure 4.6.  Components and layout of laboratory EMG measurement system 
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EMG data were sampled at 1080Hz for four (4) seconds.  The sampling frequency 

was determined because of the need to have the motion capture data and the EMG 

data in sync with respect to time.  Motion capture and EMG were used in conjunction 

during the data collection procedure and because the collection rate of the cameras is 

only 60Hz, an EMG sampling rate needed to be chosen that was a multiple of 60 so 

that the time code sequences would match between the two data sets.  From previous 

studies, an EMG sampling rate of around 1000Hz was deemed appropriate for this 

study (Queisser et al., 1994; Westgaard et al., 2001).  So, for that reason, the largest 

whole multiple of 60 near 1000 (1080Hz) was chosen for the sampling rate of this 

study.   

 

4.4 Procedure 

Because of the detail associated with EMG data collection, there are several 

procedural sections devoted to the instrumentation preparation, subject preparation, 

normalization, randomization, and collection of the task data.   

Subjects were brought in to the laboratory after showing interest in participation 

to complete the personal data/medical history sheet and sign the consent form.  One 

subject was rejected because of a pre-existing shoulder injury that had required 

surgery within the past six months.  The subjects who met the qualifications and 

wished to continue were briefed on the complete procedural protocol of the 

experiment.  During this briefing, subjects were given detailed written instructions 

regarding the task environment and detailed task procedures.  These instructions were 
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the guide for the briefing the subjects received.  These instructions can be found in 

Appendix IV.   

In an attempt to minimize both physiological variability in the subjects and the 

inherent variability in electrode placement, both the normalization and the task data 

collection were performed on the same day.  The procedure for both normalization 

and the collection of the task data use the EMG systems described in sections 4.4.4 

and 4.4.5.   

Electrodes were first attached to the subjects using the electrode attachment 

protocol in Sections 4.4.3 and 4.4.3.1.  With the electrodes in place, subjects were 

allowed to practice the lifting task described in Section 4.4.1.  After subjects were 

comfortable with the task, the MVC normalization data were taken.  These data were 

taken using the protocol described in Section 4.4.4.   

Upon completion of the MVC data collection, subjects were allowed a rest 

period.  All electrodes remained attached during any rest period in order to minimize 

any variability that may arise from different electrode placements.  After the rest 

period, subjects began the task data collection period described in Section 4.4.5.  The 

entire procedure took approximately three (3) hours.   

 

4.4.1 Task Description 

The task to be performed  was a lifting task.  The task was to lift three 

different pieces of luggage onto a table with dimensions similar to that of workstation 

of the TSA baggage screeners.  All subjects were instructed on the task to be 
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performed and given time to perform the task in practice prior to data collection.  

Subjects were limited on their lifting technique only by restricting the lift to the right 

hand only. The reason for limiting the task to a right-handed lifting task only is 

because of the inputs/outputs from the Chalmers Model.  The Chalmers Model is 

limited to right-handed tasks only.  Aside from limiting the task to a right-handed 

only task, subjects were allowed to lift any way that was comfortable to them.  For 

the analysis, the assumption was made that the majority of the force the subjects 

would exert would be at the initiation of the lift in order to accelerate the bags to such 

a velocity as to clear the edge of the workstation and end on the workstation itself.   

For the designation of the initiation of the lift, a forceplate was used as the 

floor surface for the bags.  The initiation was defined as the moment when the 

indicated force exerted on the forceplate began to decline.  The window of time 

between the initiation of the lift and when the subject had accepted the full mass of 

the bag was used for the EMG analysis.  The full acceptance of the mass of bag was 

defined as “lift-off”.  The peak EMG value obtained in the window of time between 

lift initiation and lift-off was used for analysis.  A graphical representation of the 

forceplate data indicating the initiation of the lift and the lift-off can be seen in Figure 

4.7.   
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Figure 4.7.  Forceplate data representing initiation of lift and lift-off 

 

The experiment consisted of three pieces of luggage of varying size and weight.  

The sizes and weights of the bags were determined from data collected at the 

Lubbock International Airport.  Data were collected with the help of the West Texas 

Regional TSA administrators.  They allowed for the collection of baggage weight and 

size at the baggage screening area in Lubbock International Airport.  Over the course 

of four (4) hours at the peak travel time of 7:00am to around 11:00am, eighty-four (n 

= 84) bags were measured and weighed.  The mean and standard deviations for the 

group as a whole are presented in Table 4.3. 
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Table 4.3.  Mean and standard deviations for bag weights and heights 

Avg. Ht. 
27.68 in. 

StDev Ht. 3.91 

Avg Wt. 37.03 lbs 

StDev Wt. 9.95 

 

 

From the collected data, there was determined to be three main baggage 

heights:  h ≤ 26”, 26”< h < 30”, and h ≥ 30”.  The histogram in Figure 4.8 shows the 

breakdown of the collected baggage heights.  Because the breakdown of the collected 

bag heights, three bags that fell into the three different height specifications were used 

for data collection.  Based on the collected baggage data, bags of all sizes fell into 

three weight categories with a range of ± 4lbs.  Those ranges are 24lbs, 36 lbs and 

48lbs.     
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 Figure 4.8.  Collected Bag Heights 

 

4.4.2 Experimental Design 

The experimental design of this study was such that it was a (3 x 3) split plot 

design with the height of the bag and the weight of the bag randomized within each 

position/height combination.  In total, there were 9 total combinations, the three 

heights each with 24lbs, 36lbs, and 48lbs.  Each combination was replicated four (4) 

times.  

The study was designed such that the three levels of weights and the three bag 

sizes were independent variables.  The three heights were h<26”, 26”<h<30”, and 

h>30”.  The specific heights of the bags used were 25”, 28”, and 31.5”.  These fell 

into the categories described previously.  The three weights are 24lbs, 36lbs and 

48lbs.  
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The dependent variables for this experiment were the average integrated EMG 

signals collected for each muscle, the integrated experimental EMG values 

normalized to the average integrated EMG MVC values for each muscle, and the 

coordinate data recorded from the motion capture system.   

 

4.4.3 Electrode Placement 

  For the placement of the electrodes on the subjects, it was necessary to first 

prepare the skin surface.  The preparation of the skin surface reduces the electrical 

impedance between the muscle and the electrode/skin surface interface.  This allows 

for better signal detection by the surface electrodes (Basmajian and DeLuca, 1985; 

NIOSH 1992).   

Basmajian and DeLuca (1985) and the NIOSH (1992) surface electromyography 

texts were referenced for the preparation of the electrode/subject interface and 

electrode placements.  The nature of the electrode of the Delsys® system is such that it 

is what is referred to as a “dry” electrode.  This means that it does not require the 

addition of a conduction gel is not required.  There is, however, still the need for the 

preparation of the skin surface.  The surface of subjects’ skin was wiped with 

isopropyl alcohol on a gauze pad.  This was to remove any oils and surface residues 

from the skin as well as mildly abrade the skin surface in order to lower skin 

resistance and allow for better conduction of the myoelectric signal to the surface 

electrode (NIOSH, 1992).  Once the skin surface was prepared, the electrodes were 

adhered to the skin surface using double-sided medical grade adhesive tape.  The tape 
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is designed such that the electrode bars are always in contact with the skin, 

minimizing motion of the electrode on the skin surface. 

 

 

Figure 4.9.  Electrode and reference electrode placement 

 

The location of the electrode placements was determined by a reference from 

Basmajian and DeLuca (1985) stating that the best placement for the electrode for 

optimal signal transmission with minimal cross talk and maximal stability is in a 

region of the muscle, “halfway between the center of the innervation zone and the 

further tendon.”  However, because of the difficulty in locating this point simply 

through palpation, the electrodes were placed on the center of the main body location 

of the muscle available at the skin surface.  The justification for this placement choice 

is from the NIOSH (1992) surface electromyography text.  The text indicates that 

because of the limited descriptions in scientific texts for electrode placement, it is a 

widely accepted technique to place the electrodes on the “best anatomical position.”  

For the electrode placement, the muscles in question, the sternocleidomastoid, upper 

trapezius, the splenius and the levator scapulae, were located via palpation.  

Electrodes were placed for these muscles bilaterally.  The reference electrode was 

placed using the same skin preparation method and located on the left elbow 
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(olecranon).  These placements can be seen in Figure 4.9.  A text description of all 

placements can also be seen in Table 4.4.   

 

 

Table 4.4.  Description of electrode placements 

Muscle Placement 

1.  Sternocleidomastoid 

The upper third of the distance between the 

clavicle and the temporal bone 

2.  Splenius 

At the C2/C3 vertebrae between the upper most 

parts of trapezius and SCM 

3.  Levator Scapulae 

Between the anterior margin of the middle 

trapezius and the posterior margin of the SCM 

4.  Upper Trapezius The anterolateral margin of the muscle 

  

 

 Because palpation is not always accurate in muscle location, it was necessary 

to verify the electrode placements.  Verification of electrode placement and muscle 

isolation was done using maximum voluntary isometric contractions.  This procedure 

has been successfully used in the past to verify correct muscle isolation (Harms-

Ringdahl et al., 1986; Moroney, 1984; Moroney et al., 1988; Schuldt and Harms-

Ringdahl, 1988).  In this procedure, subjects perform maximum voluntary isometric 
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contractions based on the action of the muscles the researcher intends to isolate.  The 

researcher analyzed EMG data collected during the contractions in order to verify that 

the electrode was isolated on the chosen muscle.  

 

Table 4.5.  Muscle actions 

Muscle Action 

1.  Sternocleidomastoid Flexion of the head and neck 

2.  Splenius Rotation of the Head 

3.  Levator Scapulae Elevation of the scapula 

4.  Upper Trapezius Retraction/Elevation of the scapula 

 

 

  That method was adapted for the particular muscles being examined.  

Isometric contractions were identified that best isolate the action of the muscles.  

Those contractions were performed against manual resistance from the investigator.  

The contractions were intended to mimic the action of the muscles.  The list of 

muscle actions can be found in Table 4.5. 

 

4.4.4 EMG Normalization 

In order to validate the findings of the EMG data collected, the data must be 

normalized to the values associated with a known muscle force.  In this case, the 
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known values are the EMG values recorded for the muscles in question when subjects 

perform a maximal voluntary contraction (MVC).  The normalization of the data 

collected for the lifting task to the values associated with a MVC allows for the 

comparison of muscle activity in the selected muscles for all subsequent similar tasks 

(Basmajian and Deluca, 1985; Granata and Marras, 1993, 1995; Harms-Ringdahl et 

al., 1986; Moroney et. al., 1988).   

The normalization process consisted a series of maximum voluntary contraction 

(MVC) exercises.  The data collected for the MVC were later used to normalize the 

collected experimental data as a percentage of the MVC.  This calculation was done 

using Equation 4.3 (Weaver, 2006).  In this equation, NEMG is the percent value of the 

average EMG value recorded of the MVC for the muscle measured, EMGij is the 

average EMG value for a particular experimental trial at one of the designated 

posture, and EMGmax is the highest average calibration value of the MVC exercises 

for each muscle. For the EMG normalization, subjects were connected to the Delsys® 

Bagnoli-8 EMG System using the electrode placement method described in Section 

4.4.2. 

 

  NEMG = EMGij/EMGmax     (4.3) 

     

  Once the electrodes were in place, subjects were ready for isometric MVC 

calibration exercises.  For the collection of the MVC data, a series of exercises 

designed to isolate the muscles in question was used (Moroney, 1984,1988; Schuldt 
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and Harms-Ringdahl, 1988; Weaver, 2006).   The exercises were performed 

bilaterally for normalization for each pair of muscle.  The exercises were both 

symmetric and asymmetric in their design, and all were designed around the different 

actions of the muscles being examined here.  All asymmetric contractions were 

performed for both right and left sides of the body. 

The series of isometric contractions used for the MVC data collection was 

intended to isolate the four muscles of interest.  These contractions were adapted from 

previous work by Moroney (1984, 1988), Schuldt and Harms-Ringdahl (1988), and 

Weaver (2006).  The contractions were performed using a stationary platform with an 

attached pole. The platform was also set up using a chain for adjustment of grip 

height and a handle.  All isometric handle pulls were designed specifically for this 

task.  They were designed to replicate the lifting tasks performed by the subjects.  

Their inclusion was done to better get representative maximum activities of the 

muscles for the given lifting task.  Figure 4.10 shows examples of the platform setup.  

Detailed descriptions of the contractions are as follows: 

 

a) Forward flexion of the head with resistance on the forehead (neck flexion) 

for isolation of the sternoclediomastoid. 

b) Lateral flexion of the head with laterally opposing resistance medio-

laterally on the head (asymmetric) for isolation of the splenius, levator 

scapulae, and upper trapezius. 

c) Isometric handle pull representing the shortest bag 

d) Isometric handle pull representing the middle bag 

e) Isometric handle pull representing the tallest bag 
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(a)      (b) 

  

(c)           

Figure 4.10.  (a) Isometric neck flexion, (b)  Isometric lateral flexion (c) Isometric 
pull representing middle bag 
 

 

Subjects’ heads were securely strapped to the pole for the frontal and lateral 

flexion contractions.  Verbal instructions were given to each subject with regard to 

each specific contraction to be performed as well as mimicked by the investigator.  

For the initiation of the data collection period, a verbal countdown was used to trigger 

initiation of the exercise.  Each task was repeated for a total of two (2) trials.  The 

EMG signals were recorded for each muscle from the MVC exercises and integrated.  
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The highest integrated signal collected during any of the procedures was used to 

represent 100% activity (EMGmax) for each particular muscle. 

 

4.4.5 Task Data Collection Procedure 

In the experimental procedure, both motion capture and EMG were used to collect 

data.  For the task data collection the EMG electrodes remained in place from the 

MVC data collection in order to minimize variability.  Subjects were given a rest 

period following the MVC data collection period prior to the task practice period. 

Reflective spheres for the motion capture system were attached to the subjects and 

the bags.  Spheres were attached to the top of each bag, the subject’s wrist, elbow, 

both shoulders, the C4/C5 vertebral joint, the back of the head and the L5/S1 

vertebral joint. The bag and weight combinations for the data collection period were 

randomized using a uniform distribution random number generator.  Subjects were 

given instructions to perform the lift from the initial position of the bag onto the table.  

The end of the lift was described to the subjects such that the end of the bag 

previously on the floor is on the table. Subjects were instructed to lift however they 

were most comfortable, remembering to use only the right hand for the lifting task 

itself.  Subjects were given instructions that if they could not fully complete the lift 

onto the table to set the bag down.   

For the task data collection period, subjects were again given instructions to 

perform the lift from the initial position of the bag onto the table.  The lift was 

defined as it was during the practice session. The choice of bag size and weight for 

each trial was randomized using a uniform distribution random number generator. 
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Once subjects were in position and ready, a verbal countdown was given for the 

start of each lifting task.  Subjects performed the lifting task described in Section 

4.4.1 for each of the three bag sizes and each of the three weights.  Each plot was 

replicated four (4) times.  EMG data collected for each trial were integrated and 

normalized using the maximal EMG activity levels collected during the isometric 

MVC calibration exercises.  The 3-dimensional data collected with the motion 

capture system were used to calculate the angular inputs for the Chalmers 

Computerized Shoulder Model.   

Since there is no known external trigger available that will start the LabView 

program as well as the motion capture program, the investigator started the two 

programs simultaneously using a mouse from each computer.  This may have 

introduced a small amount of error in the time codes for the two programs, but at this 

time, this is the most accurate way of synchronizing the two programs.   
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CHAPTER V 

RESULTS  

 

5.1.  Overview 

 This chapter reports the findings of the statistical analysis of observed muscle 

activity in the specified musculature shared by the neck and shoulder.  This chapter 

also reports the comparison between the observed muscle activity during a lifting task 

to the results of predicted muscle activity from an existing shoulder model for the 

same task.  The results will hopefully help steer model development for a combined 

neck and shoulder model allowing for accurate predictive compressive and shear 

forces on the cervical spine due to hand loads. 

 The predictive shoulder model used in this study was developed based on the 

shoulder modeling work by Hogfors et al. (1987), as described in Section 3.2.  The 

Chalmers Computerized Shoulder Model, also described in Section 3.2, allows for the 

input of static anatomical positions of the upper body and right arm. The model uses 

one of two optimization techniques, quadratic or soft-saturation based on the user’s 

choice, to estimate the muscle force for a given hand load and body position.  Cross-

sectional areas of the musculature of the shoulder are used as constraints in the 

objective functions for both optimization techniques.  The soft-saturation method was 

used because it has been shown to be more accurate for muscle forces approaching 

the maximum (Siemienski, 1992).   The reason for this decision is that during pilot 
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studies and the actual data collection, most subjects were unable to complete the lift, 

indicating that the weight was greater than their force-producing capability.  For this 

study, the output of interest of the model is the predicted estimation of percent of 

maximum muscle capacity.  One of the aims of this study is to compare the observed 

percent of maximum muscle activity, as described in Section 4.4.4, to the model 

output prediction of predicted percentage of maximum muscle capacity for the 

selected musculature shared by the neck and shoulder in an attempt to verify model 

prediction accuracy.  

 

5.2.  Data Collection 

 Data for this study were collected using the procedures described in Sections 

4.4.1 - 4.4.6.  Subjects were undergraduate students recruited from the Industrial 

Engineering Department at Texas Tech University.    

The time period for collection of peak EMG values was isolated at the 

beginning of the lift.  This was because it was assumed that the beginning of the lift 

was when subjects would produce the most force.  This force production would be to 

gain the velocity necessary to have the bags reach the workstation with only minimal 

force required throughout the remaining portion of the lift.  Because of the need to 

isolate this portion of time, a beginning of the lift was designated using data from a 

forceplate.  The pieces of luggage used during the lifting task were set on the 

forceplate. The initiation was defined as the moment when the indicated force exerted 

on the forceplate began to decline.  The window of time between the initiation of the 
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lift and when the subject had accepted the full mass of the bag was used for the EMG 

analysis.  The full acceptance of the mass of bag was defined as “lift-off”.  The peak 

EMG value obtained in the window of time between lift initiation and lift-off was 

used for analysis.  A graphical representation of the forceplate data indicating the 

initiation of the lift and the lift-off can be seen in Figure 5.1. 

  

 

Figure 5.1. Initiation of lift and lift-off 

 

In order to analyze the EMG data collected during the task collection period 

described in Section 4.4.5, the data were normalized.  The normalization procedure 

used  compares the recorded EMG activity of the muscles to a known EMG value 

associated with a maximum voluntary contraction (MVC).  The procedure for the 
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collection of the MVC data involved a series of isometric contractions; these 

procedures are described in detail in Section 4.4.4.   

 

5.3 Data Analysis 

Data collection for both the normalization and task data collection periods 

resulted in files of raw EMG data.  These data were integrated using basic integration 

formula, Formula 5.1, adapted for integration over each time interval.  The time 

interval used was .000926 seconds.  This time interval was used because of the 

sampling rate of 1080 Hz, which is one sample every .000926 seconds (Basmajian 

and De Luca, 1985).  The resulting integration formula can be seen in Formula 5.2. 

Examples of the raw and integrated EMG data can be seen in Figure 5.3.   

 

∫f(x)              [F(x)]               F(b) – F(a)    (5.1) 

 

∫f(x)               ∫(x)               [x2/2]               [(x2*t2) – (x2*t1)]/2    (5.2) 

 

The peak values for both the isometric trials and the task collection trials were 

analyzed using a five (5)-point average around the peak values.  This was done as a 

way to smooth the data.  Graphing the integrated values for each muscle, finding the 

peak value within the time between the beginning of the lift and liftoff, and averaging 
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the peak as well as two points on either side of the peak accomplished this.  This 

technique was used for finding the peak of both the isometric trials (MVC) and the 

trial data collection. 

 

(a) 

 

 

(b) 

Figure 5.2.  (a) Raw EMG data collected from sternocledomastoid (SCM); (b) 
Integrated EMG data collected from sternocledomastoid (SCM) 
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It is important to note that for the experimental trial collections periods, not all 

of the data were examined for the peak value.  The peak values for the experimental 

trials were limited to the peak values observed during the window of time indicated 

between the initiation of the lift and lift-off as determined from the data of the 

forceplate (Figure 5.1).  Figure 5.3 shows the progression of this analysis technique.   

 

(a) Initiation and Lift-off 

 

(b) Full integrated EMG showing initiation and lift-off 
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(c) Isolation of integrated trial between initiation and liftoff 

Figure 5.3.  (a) Forceplate with initiation of lift and lift-off, (b) Full trial with 
initiation of lift and lift-off, (c) Isolation of trial between initiation of lift and 
liftoff indicating the peak value 

 

While four muscles were sampled for the both right and left sides during the 

experiment for each subject, only three on the right were available for analytical 

comparison to the Chalmers Model predictions.  This is because of the limitations of 

the Chalmers Model.  The model is limited to right-hand tasks only, and its outputs 

are only for the muscles of the right side.  Therefore, only the results of the 

normalized EMG values collected for the right side could be compared to the model 

predictions of muscle activity.  The three (3) muscles used for analysis in this portion 

of the study were the sternoclediomastoid (SCM), the levator scapulae (lev.) , and the 

upper trapezius (trap.).  These three muscles are the three muscles shared by both the 

shoulder girdle and the neck that are most readily available for analysis using surface 

electromyography.  The inclusion of splenius on the right side and the same four 

Peak 
Value 
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muscles (sternoclediomastoid, splenius, levator scapulae, upper trapezius) on the left 

side was made so that their relative activity during single arm lifting task could be 

recorded for direction during further research.   

Once all peak values for the trials and isometric trials were analyzed, the trial 

data for each muscle were normalized.  The normalization procedure used in this 

study has been used in many studies in the past.  These studies have found that the 

normalization procedure allows for comparison of muscle activity in selected muscles 

for all subsequent similar tasks (Basmajian and Deluca, 1985; Granata and Marras, 

1993, 1995; Harms-Ringdahl et al., 1986; Moroney et. al., 1988).  The peak values 

obtained in each of the four (4) trials for all nine (9) weight/height combinations were 

normalized relative to the peak activity recorded during the MVC isometric trials 

using equation 5.3 (Weaver, 2006).  In this equation, NEMG is the percent value of the 

average EMG value recorded of the MVC for the muscle measured, EMGij is the peak 

EMG value for a particular experimental trial for each muscle, and EMGmax is the 

highest peak value for each muscle collected during the MVC calibration collection 

period.   

 

NEMG = EMGij/EMGmax     (5.3) 

 

There were some cases in which the peak EMG trial data for individual 

muscles exceeded 100% of the EMGmax obtained during the MVC muscle calibration.  

In these cases, the maximum value obtained during the trial collection was set as the 

EMGmax and the trials for that muscle were normalized to whatever the maximum 
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observed value was, be it collected during trials or MVC isometrics.  This method 

did, however, have a cutoff. In all, there were 1080 individual readings; thirty-six 

(36) trials per subject, three (3) available muscles for comparison, and ten (10) 

subjects total.  For all ten subjects, there were sixty-six (66) total trials that exceeded 

the 100% normalization.  Of these sixty-six (66) points, almost 91% fell below 300%.  

Because so many of the points that exceeded 100% were below 300% that was used 

as the cutoff.  Justification for this was that in the cases when the trial EMG values 

exceeded the MVC calibration values, it was viewed that the MVC calibration value 

was not the true max value.  Of the values that exceeded 300%, all fell between 

1500% and 3300% greater than the peak EMG value obtained during the MVC 

collection period.  These points were viewed to be noise and were discarded from the 

study.  Of all the points that exceeded 100%, the great majority (96%) was observed 

for the levator scapulae.  This was probably because of cross-talk between the 

surrounding muscles and the levator scapulae during the actual lifting task.  

Anatomically, the levator scapulae is surrounded by the sternoclediomastoid and 

upper trapezius, two relatively large muscles for the area, and is next to the splenius, 

and is superior to the series of scalene muscles.  A slightly improper placement of the 

electrode for the levator scapulae could have resulted in the cross-talk between any 

one of the muscles in the area and the electrical activity of the levator scapulae. 

In addition to the EMG data analyzed in this study, the motion capture data 

were analyzed for the purpose of gathering the data for input variables of the 

Chalmers Model.  The inputs for the model are limited to the upper body and the 

subjects’ right arm.  The inputs are angular inputs for the relative three-dimensional 
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yj ‐ yi 

xj ‐ xi 

position of the subject during the lifting task.  The inputs are broken down into three 

categories:  trunk, upper arm, and lower arm.  Table 5.1 details these inputs. 

 

 
Table 5.1.  Angular inputs for Chalmers Model 

 α β γ 
Trunk Inputs Rotation around the 

vertical axis 
 

Forward and 
backward lean 

Rotation in the new 
plane 

Upper Arm 
Inputs 

Forward or 
backward 
movement 
 

Vertical 
movement 

Rotation around 
the axis of the 
humerus 

Lower Arm 
Inputs 

Included angle 
between upper and 
lower arm 
 

  

 
 

 

These angles were calculated using the position data collected during the 

lifting task with the motion capture system.  With the position data, knowing the 

plane of movement of each segment, the angles were calculated using the basic 

Formula 5.4.  All angle calculations were based on their planar position, so the “x” 

and “y” inputs for Formula 5.4 changed to “x”, “y”, or “z” based on what was 

appropriate for the particular angle and its planar movement.   

 

Θij = arctan (            )     (5.4) 
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All angles were calculated at the point in time when the observed peak EMG 

values occurred.  The order of analysis was such that the peak EMG values were 

calculated and the time from the when the peak values occurred between the initiation 

of the lift and lift-off was used for the point in time when the position analysis would 

take place.  For the purposes of this study, the point in time when the peak EMG 

values occurred was viewed as a static event.  The reasoning behind this is solely for 

the purposes of adapting a dynamic task to a static analysis technique (Chalmers 

Model).  Because the time between initiation of the lift and lift-off was so small, the 

assumption of the peak as a static point was made allowing for the comparison of a 

dynamic task to a static model prediction.   This point was analyzed using the position 

data to get the appropriate angle inputs for the Chalmers Model. 

 An example of the EMG activity between the beginning of the lift and lift-off 

can be seen in Figure 5.4.  This figure shows the point in time of the beginning of the 

lift, lift-off, and the observed peak for that time window.  The graph is a smooth-lined 

scatter plot, meaning that the graph connects the data points.  In this example, the 

peak activity occured at around .22 seconds into the lift.  The 5-point average 

smoothing technique used includes two data points prior to the peak and two data 

points subsequent to the peak.  In this particular graph, the two points prior to the 

peak are in the ascending line prior to the peak and the two points subsequent to the 

peak are in the descending line following the peak.  Both of these sets of points can 

be seen in Figure 5.5.  Figure 5.5 isolates the .0145 seconds surrounding the peak. 
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 Figure 5.4.  Example of peak EMG activity 

 

 

 Figure 5.5.  Example of isolated peak EMG activity 
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5.4.  Statistical Analysis 
 
 Analysis of the data was performed in a series of analyses.  First, overall 

activity was examined.  In this, the activity and the model predictions of muscle force 

were examined.  Later results of analysis shows that the model under predicts activity 

when compared to observed EMG activity collected during the task.  However, the 

overall activity gives a reasonable, idea of the hazard level of the task.  Secondly, 

individual muscles were analyzed.  This analysis was performed comparing the 

observed EMG activity during the task to the model predicted activity.  An overall 

analysis, combining all muscles was performed; again comparing EMG activity to 

model predicted activity.  Lastly, a comparison between the observed muscle activity 

on the right and left sides was performed. 

While results indicate that overall, the model slightly under-predicts muscle 

activity during the lifting task, it is important to note that the model predictions still 

indicate a significant force on the cervical spine from the individual muscles.  The 

model predicted an average of almost 750 N of force for the upper trapezius and 

almost 400 N of force for the levator scapulae.  Both of these are significant forces in 

themselves and while the model failed to predict any activity in the 

sternoclediomastoid, results indicate significant activity in the muscle.  Observed 

muscle activities broken down for both height and weight can be seen in Figures 5.6 

and 5.7.  The predicted muscle forces, also broken down for weight and height, can 

be seen in Figures 5.8 and 5.9.   
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Figure 5.6.  Observed muscle activity (Height) 

 

 

Figure 5.7.  Observed muscle activity (Weight) 
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Figure 5.8. Predicted muscle forces (Height) 

 

 

Figure 5.9.  Predicted muscle forces (Weight) 
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Overall mean muscle activity can be seen in Figure 5.10 and 5.11.  These 

graphs represent the mean normalized EMG values and the model predictions for 

each of the three muscles analyzed for males and females respectively. 

 

 

Figure 5.10.  Male mean activity values for observed and model predictions 
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Figure 5.11.  Female mean activity values for observed and model predictions 
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was used.  Analysis indicated an interaction between height and weight, and weight 

and gender for all muscles.  Results can be seen in Tables 5.2, 5.3 and 5.4.  

Significant findings and interactions can be seen in Figures 5.12 – 5.29.   

 

Difference = EMG Observed Activityij – Model Predicted Activityij    (5.5) 

 

Table 5.2. Analysis of Variance for SCM, using Adjusted SS for Tests 
 

Source                                      DF   Seq SS      Adj SS       Adj MS        F              P 

EMG/Model                              1     8708.4       8708.4       4124.7      25.78        0.000 

EMG/Model *Ht.                      2   13245.0     13245.0       6622.5      16.58        0.000 

EMG/Model *Wt.                     2   14061.5     14061.5       7030.8      17.60        0.000 

EMG/Model *Gen.                   1     1052.5       1052.5       1052.5        2.63        0.105 

EMG/Model *Ht.*Wt.              4     7649.9       7649.9       1912.5        4.79        0.001 

EMG/Model *Ht.*Gen.            2       239.5         239.5         119.8        0.30        0.741 

EMG/Model *Wt.*Gen.           2     5906.0       5906.0       2953.0        7.39        0.001 

EMG/Model *Ht.*Wt.*Gen.    4       300.8         300.8           75.2        0.19        0.944 

Repetition                                  3        75.7           75.7           27.7         1.43       0.519 

Error                                      342   136634.0   136634.0      399.5 

Total                                      359   179089.3 
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Table 5.3. Analysis of Variance for Lev. Scap., using Adjusted SS for Tests 

Source                                       DF      Seq SS         Adj SS      Adj MS         F            P 

EMG/Model                               1         6213.2        6313.2       3151.1      11.61       
0.000 

EMG/Model *Ht.                       2       10331.6       10331.6      5165.8      10.05       
0.000 

EMG/Model *Wt.                      2         2128.2         2128.2      1064.1        2.07       
0.028 

EMG/Model *Gen.                    1         2059.4         2059.4      2059.4        3.41       
0.056 

EMG/Model *Ht.*Wt.               4         1412.5         1412.5         353.1        0.69      
0.601 

EMG/Model *Ht.*Gen.             2         5171.5         5171.5       2585.7        5.03      
0.007 

EMG/Model *Wt.*Gend.          2           930.0           930.0         465.0        0.90      
0.406 

EMG/Model *Ht.*Wt.*Gen.     4         2540.3         2540.3         635.1        1.24      
0.295 

Repetition                                  3           661.6           661.6         171.6        1.01      
0.384 

Error                                       342     175751.5     175751.5         513.9 

Total                                       359     200325.0 
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Table 5.4.  Analysis of Variance for Trap. using Adjusted SS for Tests 

Source                                     DF      Seq SS       Adj SS     Adj MS         F             P 

EMG/Model                              1        9156.3        9156.3      4616.2      14.66       
0.000 

EMG/Model *Ht.                      2      17296.3      17296.3      8648.2      16.72       
0.000 

EMG/Model *Wt.                     2        6610.3        6610.3      3305.1        6.39       
0.002 

EMG/Model *Gen.                   1        4139.7        4139.7      4139.7        8.00       
0.005 

EMG/Model *Ht.*Wt.              4        2296.8        2296.8        574.2        1.11       
0.351 

EMG/Model *Ht.*Gen.            2          846.8          846.8        423.4        0.82       
0.442 

EMG/Model *Wt.*Gen.           2          820.7          820.7        410.3        0.79       0.453 

EMG/Model *Ht.*Wt.*Gen.    4        2254.1        2254.1        563.5        1.09       0.361 

Repetition                                 3          571.3          571.3        180.9        1.22       0.286 

Error                                      342    176872.4   176872.4       517.2 

Total                                      359    211137.0 
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 Figure 5.12. EMG/Model Plot for SCM (Height) 

 

 

Figure 5.13.  Differences between EMG/Model for SCM (Height); Letter 
differences on points indicate significantly different findings from the Tukey-Kramer 
Test, same letters indicate no significant differences found from the Tukey-Kramer 
test 
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 Figure 5.14.  EMG/Model Plot for SCM (Weight) 

 

 

Figure 5.15.  Differences between EMG/Model for SCM (Weight); Letter differences 
on points indicate significantly different findings from the Tukey-Kramer Test, same 
letters indicate no significant differences found from the Tukey-Kramer test 
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Figure 5.16. Interaction Plot for EMG/Model SCM Differences (Height*Weight); 
Letter differences on points indicate significantly different findings from the Tukey-
Kramer Test, same letters indicate no significant differences found from the Tukey-
Kramer test 

 

 

Figure 5.17. Interaction Plot for EMG/Model SCM Differences (Weight*Gender); 
Letter differences on points indicate significantly different findings from the Tukey-
Kramer Test, same letters indicate no significant differences found from the Tukey-
Kramer test 

0.00 
5.00 
10.00 
15.00 
20.00 
25.00 
30.00 
35.00 
40.00 
45.00 
50.00 

H=25"  H=28"  H=31.5" 

D
if
fe
re
n
ce
 

Difference Between EMG vs. Model 
for SCM (Height*Weight) 

24# 

36# 

48# 

0.00 

5.00 

10.00 

15.00 

20.00 

25.00 

30.00 

35.00 

24#  36#  48# 

D
if
fe
re
n
ce
 

Difference Between EMG vs. Model 
for SCM (Weight*Gender) 

Female 

Male 

A 

A 

A 

A 

A  A 

A 

C 

B 

A 

A 

B 

C 

C 

C 

A 



Texas Tech University, Adam Pickens, August 2008 

 114 

 

 Figure 5.18.  EMG/Model Plot for Lev. Scap.  (Height) 

 

 

Figure 5.19.  Differences between EMG/Model for Lev. Scap. (Height); Letter 
differences on points indicate significantly different findings from the Tukey-Kramer 
Test, same letters indicate no significant differences found from the Tukey-Kramer 
test 
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 Figure 5.20.  EMG/Model Plot for Lev. Scap. (Weight) 

 

 

Figure 5.21.  Differences between EMG/Model for Lev. Scap. (Weight) Letter 
differences on points indicate significantly different findings from the Tukey-Kramer 
Test, same letters indicate no significant differences found from the Tukey-Kramer 
test 
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Figure. 5.22. Interaction Plot for EMG/Model Lev. Scap. Differences 
(Height*Gender); Letter differences on points indicate significantly different findings 
from the Tukey-Kramer Test, same letters indicate no significant differences found 
from the Tukey-Kramer test 

 
 

 
 
Figure 5.23. Interaction Plot for EMG/Model Lev. Scap. Differences 
(Weight*Gender) Letter differences on points indicate significantly different findings 
from the Tukey-Kramer Test, same letters indicate no significant differences found 
from the Tukey-Kramer test 
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Figure 5.24.  EMG/Model Plot for Trap. (Height) 

 

 

Figure 5.25.  Differences between EMG/Model Trap. (Height); Letter differences on 
points indicate significantly different findings from the Tukey-Kramer Test, same 
letters indicate no significant differences found from the Tukey-Kramer test 
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Figure 5.26.  EMG/Model Plot for Trap. (Weight) 

 

 

Figure 5.27.  Differences between EMG/Model Trap. (Weight); Letter differences 
on points indicate significantly different findings from the Tukey-Kramer Test, same 
letters indicate no significant differences found from the Tukey-Kramer test 
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Figure 5.28.  EMG/Model Plot for Trap (Gender) 

 

 

Figure 5.29.  Differences between EMG/Model Trap.  (Gender) 
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The normal probability plot and histogram of the residuals of the data 

indicated that the data were slightly non-normal.  These can be seen in Figures 5.30, 

5.31, and 5.32.  In an attempt to keep with the assumptions of normality for the 

ANOVA test, the Box-Cox transformation was used to convert the data to 

approximately normal distributions.  The graphs for the estimation of the 

transformation parameter (λ) can be seen in Figures A5.2, A5.3, and A5.4.   

 

 

 Figure 5.30.  Residual plots for SCM 
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 Figure 5.31.  Residual plots for Lev. Scap. 

 

 

 Figure 5.32.  Residual plots for Trap. 
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 The transformation parameter (λ) was applied to the data.  Residual plots of 

the data for each muscle show approximately normal distributions for each.  These 

plots can be seen in Figures 5.33, 5.34, and 5.35.  Once the data had been transformed 

into an approximately normal distribution, a four-way repeated measure ANOVA test 

was again performed (α = .05).  Results of the tests showed similar results to the non-

transformed original non-normal data.  Results indicated significant differences 

between the observed EMG data and the predicted model values for all muscles.  

Significant interactions between the height and weight factors were observed for all 

muscles.  However, in the analysis of the transformed data, there were found to be 

significant differences between the males and females as well as a significant 

interaction between the weight and gender factors for the sternoclediomastoid.  

Results of the tests can be seen in Tables 5.5, 5.6, and 5.7.  

 

 

 Figure 5.33.  Residual plot for transformed SCM 
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 Figure 5.34.  Residual plot for transformed Lev. Scap. 

 

 

 Figure 5.35.  Residual plot for transformed Trap 
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Table 5.5. Analysis of Variance for Transformed SCM, using Adjusted SS for Tests 

Source                                      DF       Seq SS         Adj SS        Adj MS           F          P 

EMG/Model                              1      0.072213      0.72213        0.036111     14.66    0.000 

EMG/Model *Ht.                      2      0.110156      0.110156      0.055078     13.33    0.000 

EMG/Model *Wt.                     2      0.169879      0.169879      0.084939     20.55    0.000 

EMG/Model *Gen.                   1      0.017670      0.017670      0.017670       4.28    0.039 

EMG/Model *Ht.*Wt.              4      0.048755      0.048755      0.012189       4.95    0.020 

EMG/Model *Ht.*Gen.            2      0.004234      0.004234      0.002117       0.51    0.600 

EMG/Model *Wt.*Gen.           2      0.044005      0.044005      0.022003       5.32    0.005 

EMG/Model *Ht.*Wt.*Gen.    4      0.012864      0.012864      0.003216       0.78    0.540 

Repetition                                 3      0.003217      0.003217      0.000334       2.11    0.185 

Error                                      342      1.413501      1.413501      0.004133 

Total                                      359      1.821063 
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Table 5.6. Analysis of Variance for Transformed Lev. Scap., using Adjusted SS for 
Tests 

Source                                      DF       Seq SS       Adj SS      Adj MS         F            P 

EMG/Model                              1         5.1171       5.1171       2.6086       11.71      0.000 

EMG/Model *Ht.                      2         8.0016       8.0016       4.0008         8.86      0.000 

EMG/Model *Wt.                     2         5.6092       5.6092       2.8046         6.21      0.002 

EMG/Model *Gen.                   1         1.0096       1.0096       1.0096         2.24      0.136 

EMG/Model *Ht.*Wt.             4         1.2346       1.2346        0.3086         0.68      0.604 

EMG/Model *Ht.*Gen.            2         3.9447       3.9447       1.9723         4.37      0.013 

EMG/Model *Wt.*Gen.           2         0.7410       0.7410       0.3705         0.82      0.441 

EMG/Model *Ht.*Wt.*Gen.    4         2.0879       2.0879       0.5220         1.16      0.330 

Repetition                                 3         0.5590       0.5590       0.1605         1.34      0.197 

Error                                     342     154.4303    154.4303      0.4516 

Total                                     359     177.0588 
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Table 5.7. Analysis of Variance for Transformed Trap., using Adjusted SS for Tests 

Source                                       DF      Seq SS        Adj SS         Adj MS           F          P 

EMG/Model                               1   0.0114527     0.0114527     0.0055763    14.94    0.000 

EMG/Model *Ht.                       2   0.0213499     0.0213499     0.0106749    15.09    0.000 

EMG/Model *Wt.                      2   0.0041198     0.0041198     0.0020599      3.91    0.036 

EMG/Model *Gen.                    1   0.0121655     0.0121655     0.0121655    17.20    0.000 

EMG/Model *Ht.*Wt.              4    0.0044762     0.0044762     0.0011191      1.58    0.179 

EMG/Model *Ht.*Gen.            2    0.0001493     0.0001493     0.0000746      0.11    0.900 

EMG/Model *Wt.*Gen            2    0.0049610     0.0049610     0.0024805      1.51    0.310 

EMG/Model *Ht.*Wt.*Gen.    4     0.0022908     0.0022908    0.0005727      0.81    0.520 

Repetition                                 3     0.0005752     0.0005752    0.0001431      0.71    0.640 

Error                                     342     0.2418606     0.2418606    0.0007072 

Total                                    359     0.2913730 

 

 

In addition to the ANOVA tests performed on the data, a post hoc test was 

performed.  For the data that were found to be significant, post hoc tests were 

performed.  Post hoc tests are most often performed on significant ANOVA test 

results to further distinguish which factors significantly differ (Hicks and Turner, 

1999).  While there are many available post hoc tests, the Tukey-Kramer test was 

used.  The test was performed on the factors and interactions that indicated significant 

interactions as a result of the ANOVA test.  Post hoc tests were performed at an alpha 

(α) of .05 yielding 95% confidence intervals for the responses.    

Results of the post hoc tests indicated several significant differences within 

the factors and the interactions between factors.  For all muscles, the significant 

differences corresponded directly with the overall results of the ANOVA tests.  The 
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results of the analysis of the sternoclediomastoid showed significant differences for 

the height and weight factors as well as for the interactions of the height and weight 

factors and the weight and gender factors.  For the height factor, the tallest bag height 

(31.5”) was found to be significantly different than the small and medium bags.  The 

results of the analysis showed that the comparison between EMG activity and model 

predicted activity yielded significantly different results for all three weights.  The 

interaction between the height and weight factors showed two significantly different 

combinations.  The combination of the short bag (25”) with the light weight (24#) and 

the combination of the tall bag (31.5”) with the heaviest weight (48#) were both 

found to be significantly different than the other height*weight combinations.  For the 

interaction between the weight and gender factors, there were no significant 

differences for females, but for the male subjects, the heaviest weight (48#) was 

found to be significantly different.  These differences are noted in Figures 5.13, 5.15, 

5.16, and 5.17 respectively.   

The analysis of the levator scapulae had similar results to those of the 

ANOVA test.  Significant differences were found in the height and weight factors as 

well as the height and gender interaction and the weight and gender interaction.  The 

results showed that for the levator scapulae, all three heights were significantly 

different in the comparison between the observed EMG values and the model 

predictions.  For the weight factor, the heaviest weight (48#) was found to be 

significantly different.  The analysis of the height*weight interaction showed a 

significant difference for male subjects only.  For the male subjects, the tallest bag 

(31.5”) proved to be significantly different.  The analysis of the weight*gender 
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interaction showed a significant difference for only female subjects.  For the female 

subjects, the heaviest load (48#) was found to be significantly different.  These 

differences are noted in Figures 5.19, 5.21, 5.22, and 5.23 respectively. 

As was the case with the sternoclediomastoid and the levator scapulae, the 

analysis of the upper trapezius yielded similar results to the ANOVA test.  Results of 

the post hoc analysis of the data showed significant differences in the height and 

weight factors only.  For the height factor, the tallest bag (31.5”) was found to be 

significantly different.  The analysis of the weight factor showed a significant 

difference in the middle weight (36#).  These results are noted in Figures 5.25 and 

5.27 respectively.   

In addition to analysis of the individual muscles, a four-way repeated 

measures ANOVA test (α = .05) was also performed on the data as a whole.  The test 

was performed comparing the observed EMG data to the predicted model values.  

The test allowed for comparison between the data to see if there are significant 

differences between the two.  It also allowed for the examination of any possible 

interactions between the different factors overall.   

 Results of the test showed that the observed EMG values and predicted model 

values are significantly different. They indicated that there were significant 

interactions for height, weight, and gender with respect to the EMG/Model 

comparison.  Results also indicated significant interactions between height and 

weight factors as well as the weight and gender factors.  Results of the test can be 

seen in Table 5.8.  Graphs of the significant factors and interactions can be seen in 

Figures 5.36 through 5.42.  For the analysis of the differences, just as with the 
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analysis of the individual muscles, Equation 5.5 was used to calculate the differences 

between the EMG and model values. 

 

Table 5.8. Analysis of Variance for EMG/Model, using Adjusted SS for Tests 

Source                                                      DF    Seq SS    Adj SS     Adj MS       F        P 

EMG/Model                                              1      4703.2       4703.2    4703.2   18.52   0.000 

EMG/Model*Height                                 2    21237.0     21237.0  10618.5   41.81   0.000 

EMG/Model*Weight                                2      1700.7       1700.7      850.4     3.35   0.035 

EMG/Model*Gender                                1      2095.2       2095.2    2095.2     8.25   0.004 

EMG/Model*Height*Weight                   4      4517.9       4517.9    1129.5     4.45   0.001 

EMG/Model*Height*Gender                   2      1079.3       1079.3      539.7     2.12   0.120 

EMG/Model*Weight*Gender                  2      3922.9       3922.9    1961.4     7.72   0.000 

EMG/Model*Height*Weight*Gender     4      1316.6       1316.6      329.2     1.30   0.269 

Error                                                    2115   537157.4  537157.4      254.0 

Total                                                    2159  828254.9 
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Figure 5.36.  Mean EMG and model predictions of muscle activity 
 
 

 

 Figure 5.37. EMG/Model Plot (Height) 
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Figure 5.38.  Differences between EMG/Model (Height); Letter differences on 
points indicate significantly different findings from the Tukey-Kramer Test, same 
letters indicate no significant differences found from the Tukey-Kramer test 

 

 

 Figure 5.39.  EMG/Model Plot (Weight) 
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Figure 5.40.  Differences between EMG/Model (Weight); Letter differences on 
points indicate significantly different findings from the Tukey-Kramer Test, same 
letters indicate no significant differences found from the Tukey-Kramer test 
 

 

Figure 5.41.  Interaction Plot for EMG/Model Differences (Height*Weight); Letter 
differences on points indicate significantly different findings from the Tukey-Kramer 
Test, same letters indicate no significant differences found from the Tukey-Kramer 
test 
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Figure 5.42.  Interaction Plot for EMG/Model differences (Weight*Gender); Letter 
differences on points indicate significantly different findings from the Tukey-Kramer 
Test, same letters indicate no significant differences found from the Tukey-Kramer 
test 
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was similar, with the heaviest bag (48#) being significantly different than the 

differences for the two lighter weights (24#, 36#).  This difference was noted on 

Figure 5.40. 

The significant interactions seen in the ANOVA test results was examined in 

more detail through the post hoc tests.  Test results indicated several significant 

differences for this interaction.  Each of the three categories of heights were 

significantly different from one another.  While there were no significant differences 

seen between the weights at the lower heights, there was a significant difference seen 

at the tallest bag height (31.5”).  At this tallest bag height (31.5”), the differences 

between the observed EMG values and the model predictions for the heaviest bag 

(48#) were significantly different than those for the lighter weights (24#, 36#).  All 

significant findings were noted in Figure 5.14  

In addition to the significant differences seen in the height*weight interaction, 

significant findings were seen in the weight*height interaction.  There were no 

significant differences seen for female data, but there were significant differences for 

the male data.  The differences between the observed EMG values and the model 

predictions for the heaviest weight (48#) were found to be significantly different than 

those of the lighter weights (24#, 36#).  This difference was noted in Figure 5.42. 

The normal probability plot and histogram of the residuals of the data 

indicated that the data were slightly non-normal.  These can be seen in Figure 5.43.  

While ANOVA tests have been shown to be relatively robust for non-normal data, 

one of the historic assumptions for performing ANOVA tests on data is that the data 

be independent and normally distributed. 
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Because of the relative non-normality of the data and the assumption of 

normality in ANOVA tests, a transformation of the data was performed.  The 

transformation yields a data set that is approximately normally distributed.  A Box-

Cox transformation was used to transform the data set to an approximately normal 

distribution.  The Box-Cox transformation is a power transformation.  It calculates a 

transformation parameter (λ) confidence interval using a series of maximum 

likelihood equations (MLE).  The transformation parameter is used a as a power 

function to transform the data into an approximately normal distribution (Hicks and 

Turner, 1999).  The graph of the Box-Cox transformation calculation of the 

transformation parameter (λ) can be seen in Figure A5.1. 

 

 

 Figure 5.43.  Residual plots for EMG/Model data 
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Once the estimate for the transformation parameter (λ) had been calculated, 

the transformation was applied to the data.  The results yielded approximately normal 

data.  The results of the transformation can be seen in Figure 5.44.  This figure shows 

the residual plots for the transformed data.  

 

 

 Figure 5.44.  Residual plots of transformed data (EMG/Model) 

  

Once the data had been transformed into an approximately normal 

distribution, a four-way repeated measure ANOVA test was again performed (α = 

.05).  Results of the tests showed that the relative non-normality of the untransformed 

data had no effect on the outcome of the tests.  All factors and interactions that were 

found to be significant in the analysis of the untransformed data proved to be 

significant in the analysis of the transformed data.  Observed values were 
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significantly different than the model predictions and there were found to be 

significant interactions between the height and weight, and the weight and gender 

factors.  Results of the test can be seen in Table 5.9.  

 
Table 5.9. Analysis of Variance for Transformed (EMG/Model), using Adjusted SS 
for Tests 

Source                                                   DF    Seq SS      Adj SS     Adj MS        F          P 

EMG/Model                                            1   0.19699     0.19699     0.098494   25.19  0.000 

EMG/Model*Height                                   2   0.393978   0.393978   0.196989   24.76  0.000 

EMG/Model*Weight                              2   0.013610   0.013610   0.006805     4.86  0.016 

EMG/Model*Gender                              1   0.000032   0.000032   0.000032     3.20  0.041 

EMG/Model*Height*Weight                 4   0.087232   0.087232   0.021808     3.74  0.018 

EMG/Model*Height*Gender                 2   0.006425   0.006425   0.003213     0.40  0.668 

EMG/Model*Weight*Gender                2   0.097529   0.097529   0.048764     6.13   0.002 

EMG/Model*Height*Weight*Gender   4   0.018706   0.018706   0.004676     0.59   0.672 

Error                                                  2132   8.410672   8.450672   0.007957 

Total                                                  2159     9.068183 

 
 

While this task was a right-hand lifting task, to accurately develop a model to 

analyze the forces on the neck, all the muscles producing force on the neck must be 

considered.  That is the purpose of this portion of the analysis, to compare the muscle 

activity of the right and left sides during the lifting task.  Just as was the case with the 

comparison between the observed activities and the model predictions, the EMG 

values recorded during the task were normalized.  They were normalized using the 

same technique as in Section 5.3.  Each of the four (4) muscles recorded per side were 

analyzed. 
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As was done with the analysis of the observed EMG values in comparison to 

the model outputs, a four-way repeated-measures ANOVA with an alpha (α) of .05 

was used for the analysis, as with the analysis for the EMG/Model analysis.  This test 

allowed for the comparison between the right and left sides to analyze the variance 

between the two.  

Results of the test indicated that the right and left sides were significantly 

different.   In addition to being significantly different overall, several factors were 

found to be significant.  The individual factors that were found to be significant were 

height, weight, and gender.  The individual muscles were found to be significantly 

different as well.  There were several significant interactions between the factors.  

There were found to be significant interactions between the weight and muscle factors 

and between the gender and muscle factors.  These results can be seen in Table 5.10.  

Plotting the residuals indicated that the data were not normal.  Again, the Box-Cox 

transformation was used to approximate a normal distribution for the data.   The plot 

of the Box-Cox transformation parameter estimation can be seen in Figure A5.5.  The 

repeated-measures ANOVA was performed on the transformed data.  Results of the 

analysis were the same as the non-normal original data and can be seen in Table 5.11.  

The residual plots for the transformed data approximating a normal distribution can 

be seen in Figure 5.48. 

 The repeated-measures ANOVA test was run on the transformed data.  

Results indicated no change in significance for any factors or interactions.  All factors 

that were found to be significantly different in the results of the non-transformed data 

were significant in the results of the transformed data.  As well, those factors and 
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interactions that were found to not be significantly different between the right and left 

sides in the non-transformed data were not significantly different for the transformed 

data. 

In addition to the significant factors and the factor interactions, it is important 

to note that while the right and left were significantly different, there was observed 

activity in all muscles on the left side for the right-handed lifting task.  It is also 

important to note that the activity in the muscles of the left side, while significantly 

different than that of the right, was not a great deal less.  Overall mean muscle 

activity can be seen in Figures 5.45 and 5.46.  These graphs represent the mean 

normalized EMG values of the left and right sides for each of the four muscles 

analyzed for males and females respectively.   

As seen in Figure 5.45, overall activity for the muscle of the right side was 

higher than the left side for male subjects; with the splenius is the exception. For 

females, the same trend can be seen in Figure 5.46.  Overall, the muscle activity on 

the right side is higher than that on the left.  The exception here is the trapezius.  

Overall activity in the left trapezius was higher than that of the right.  It is possible 

that this was due to a number of factors.  One potential explanation for this is the 

nature of the lift.  It is possible that the female subjects used a different lifting 

technique than the male subjects.  A different lifting technique would require force 

production from different muscle groups on the right side.  In order to maintain a 

static neck posture, the left trapezius would be required to produce a larger force than 

the right.  
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Regardless of the reasons behind the differing activity levels for each muscle 

for males and females, the important concept to keep in mind is that significant 

activity was recorded in the musculature of the left neck/shoulder for a right-handed 

lifting task.  While it is expected that the activity on the right side would be greater 

because the task is a right-handed lifting task, the muscle activity observed in the 

muscles of the left side contribute significant individual forces to the overall 

compressive force exerted on the cervical spine. 

Post hoc tests were performed on the data to further specify any significant 

interactions between the factors.  As was done with the analysis of the EMG versus 

model predictions, the Tukey-Kramer test was used and the differences between the 

right and left sides were analyzed.  The test was performed at an α = .05, for 

calculation of 95% confidence intervals.  Results of the post hoc tests indicated no 

significant differences for any of the factors or interactions that were found to be 

significant in the ANOVA test.  This is possibly due to the fact that the Tukey-

Kramer test has less power and is therefore a more conservative test.  The more 

conservative Tukey-Kramer test would yield more Type II errors, and that is 

potentially the case here.  The increase in potential for Type II errors would lead to an 

increase in the number of false negative test results.  Considering the power of the 

ANOVA test and its findings of significant differences for the height, weight, and 

gender factors as well as significant interactions for the weight and muscle factors 

and the gender and muscle factors, it is reasonable to conclude that the post hoc tests 

results yielded Type II errors.   
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 Figure 5.45.  Male mean % EMG max values, Right vs. Left. 
 
 
 

 

Figure 5.46.  Female mean % EMG max values, Right vs. Left. 
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Table 5.10. Analysis of Variance for Right/Left, using Adjusted SS for Tests 

Source                                        DF     Seq SS     Adj SS     Adj MS         F           P 

Rt/Lft                                           1      25276.5    25276.5    25276.5     70.19     0.000 

Rt/Lft*Ht.                                    2          747.5        747.5        373.7       7.04     0.007 

Rt/Lft*Wt.                                   2          866.0        866.0        433.0       6.20     0.010 

Rt/Lft*Gen.                                 1        2875.4      2875.4      2875.4       7.98     0.005 

Rt/Lft*Musc.                               3      14340.0    14340.0      4780.0     13.27     0.000 

Rt/Lft*Ht.*Wt.                            4          814.4        814.4        203.6       0.57     0.688 

Rt/Lft*Ht.*Gen.                          2        1709.8      1709.8        854.9       2.37     0.093 

Rt/Lft*Ht.*Musc.                        6        2173.3      2173.3        362.2       1.01     0.420 

Rt/Lft*Wt.*Gen.                         2          850.9        850.9        425.4       1.18     0.307 

Rt/Lft*Wt.*Musc.                       6        4794.6      4794.6        799.1       2.22     0.039 

Rt/Lft*Gen.*Musc.                     3      26969.9    26969.9      8990.0     24.96     0.000 

Rt/Lft*Ht.*Wt.*Gen.                  4        2022.1      2022.1        505.5       1.40     0.230 

Rt/Lft*Ht.*Wt.*Musc.              12          964.7        964.7          80.4       0.22     0.997 

Rt/Lft*Ht.*Gen.*Musc.              6        3893.0      3893.0        648.8       1.80     0.095 

Rt/Lft*Wt.*Gen.*Musc.             6        1241.4      1241.4        206.9       0.57     0.751 

Rt/Lft*Ht.*Wt.*Gen.*Musc.    12        1337.0      1337.0        111.4       0.31     0.988 

Error                                      2736   985277.7   985277.7        360.1 

Total                                      2879 1331819.8 
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Figure 5.47.  Residual plots for Right vs. Left sides 

 

 

Figure 5.48.  Residual plots for transformed data (Right/Left) 
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Table 5.11. Analysis of Variance for Transformed Right/Left, Adjusted SS for Tests 

Source                                         DF        Seq SS    Adj SS     Adj MS        F            P 

Rt/Lft                                           1            4.61         4.61        2.3667      64.88      0.000 

Rt/Lft*Ht.                                    2            9.17         9.17        4.5860      14.91      0.002 

Rt/Lft*Wt.                                   2          15.42        15.42        7.7107      26.33     0.000 

Rt/Lft*Gen.                                 1          19.16        19.16       19.1593       5.75     0.045 

Rt/Lft*Musc.                               3          22.91        22.91       13.9103       7.99     0.023 

Rt/Lft*Ht.*Wt.                            4          0.957        0.957         0.2393       1.98     0.166 

Rt/Lft*Ht.*Gen.                          2          0.423        0.423         0.2115       2.51     0.080 

Rt/Lft*Ht.*Musc.                        6          3.137          3.13         1.5589       2.28     0.093 

Rt/Lft*Wt.*Gen.                         2           1.36           1.36         0.6818       2.45     0.086 

Rt/Lft*Wt.*Musc.                       6           6.84           6.84           2.234       3.91     0.048 

Rt/Lft*Gen.*Musc.                     3           5.66           5.66           2.118       4.21     0.039 

Rt/Lft*Ht.*Wt.*Gen.                  4          0.212        0.212         0.0529       0.38     0.820 

Rt/Lft*Ht.*Wt.*Musc.              12          1.229        1.229         0.3991       1.22     0.881 

Rt/Lft*Ht.*Gen.*Musc.              6          0.451        0.451         0.1139       2.09     0.126 

Rt/Lft*Wt.*Gen.*Musc.             6          0.092        0.092         0.0481       1.88     0.177 

Rt/Lft*Ht.*Wt.*Gen.*Musc.    12          0.088        0.088         0.0447       1.78     0.191 

Error                                      2736        193.87       193.87         0.0695 

Total                                      2879       308.52 
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CHAPTER VI 

CONCLUSIONS 
 
6.1.  Overview 

 This dissertation addresses the accuracy of model predictions of muscle 

activity during lifting tasks of selected muscles in the shoulder/neck.  The muscles 

chosen for analysis here are muscles shared by the shoulder girdle and the cervical 

spine.  Detailed reasoning for their inclusion can be found in Chapter II and Chapter 

III.  Chapter III details current biomedical modeling techniques for assessing forces 

and loading on the neck and shoulder.  Chapter IV outlined the methods used for data 

collection.  Chapter V presented the methods for analysis as well as the results of the 

comparison between observed EMG values and model predictions of muscular 

activity.  In conclusion, this chapter summarizes the principal findings of the study 

and discusses them with respect to the experimental objectives outlined in Chapter I.   

 

6.2.  Principal Experimental Findings 

6.2.1.  Objective 1 

Model force predictions and study results are high enough to indicate a 
hazardous lifting task. 

 

 Results of the study indicate that overall, the task places significant forces on 

the cervical spine.  Model predictions showed an average force from the trapezius, 

over all trials; of almost 750 N with forces approaching 1000 N during the lifts of the 

48# loads.  Results also indicated an average force from the levator scapulae of 
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almost 400 N with average forces of 530 N during the lifts of the 48# loads.  The 

model predicted almost no activity for the sternoclediomastoid; however, results 

show significant activity in the muscle during the lifting task.  While these are high 

forces in themselves, it is important to note that, overall, the model under-predicted 

the activity in all muscles of this study.  This under-prediction of activity means that 

the actual forces associated with the observed muscle activity levels are significantly 

higher than those of the model predictions.  In addition, the splenius, a muscle not 

part of the shared anatomy of the shoulder girdle and cervical spine, showed 

significant activity during all lifts.   

 In addition to the muscle activity observed on the right side, there was 

considerable activity in the musculature of the left side.  While the observed activity 

on the left side was significantly different than that on the right, being slightly lower, 

the fact that there was activity in all of the muscles on the left side is noteworthy.  

The importance of noting this lies in the fact that significant muscle activity was 

observed on the left side for a right-hand lifting task.  The activity in the left-side 

musculature is most likely stabilizing activity in response to the activity of the right-

side musculature to stabilize the cervical spine and maintain head/neck posture.  

Regardless of the nature of the left-side muscle activity, it contributes significant 

force to the total compressive force on the cervical spine.   

 The combined observed activity of the left and right sides is such that the 

lifting task analyzed would certainly be classified as a hazardous task.  
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6.2.2.  Objective 2 

The Chalmers model accurately predicts activity in selected muscles of the 
shoulder (sternoclediomastoid, levator scapulae, and upper trapezius) that also 
connect to the anatomical structures of the cervical spine. 
 

 The data presented in Chapter V indicated that overall, the model predictions 

for the muscle activity and the observed muscle activity collected during a lifting task 

are significantly different.  Objective 1 was used as the basis for the null hypothesis 

that the observed values from the experimental data and the predicted values from the 

model are equal.   

 
 H0:  Observed muscle activity values = Model predicted activity values 

 Ha:  Observed muscle activity values ≠ Model predicted activity values 

 

 Repeated measure analysis of variance (ANOVA) at a significance level of 

alpha (α) of .05 was used to analyze this objective.  Results of the analysis showed 

that the null hypothesis, that the model predictions of muscle activity and the 

observed muscle activities are equal for all muscles, was rejected (p-value = 0.000, 

Table 5.2).  The results of the ANOVA showed that for all three muscles compared, 

the model predictions were significantly different than the observed EMG values.  All 

muscles, as well as all factors, yielded p-values lower than .05, indicating statistically 

significance.  Results indicated that overall, there were significant interactions 

between the height and weight factors as well as between the weight and gender 

factors.   



Texas Tech University, Adam Pickens, August 2008 

 148 

 Graphs of the significant factors indicated several things.  First was that 

overall as height of the bag increased, EMG values were greater than the model 

predictions.  This can be seen in Figures 5.4 and 5.5.  Secondly, across all weights, 

EMG values were higher than the model predictions.  The difference in the values 

was most present in the heaviest weight (48#).  This trend can be seen in figures 5.6 

and 5.7.  In closer examination of the significant interaction between the weight and 

height factors, for the taller bags, EMG was higher than model predictions.  This was 

much more so as the weight of the bag increased.  Figure 5.8 graphically represents 

this tendency. 

 

6.2.3.  Objective 3 
 
The Chalmers model predicts muscle activity in the selected musculature equally 
well for males and females. 
 
  
 For analysis of Objective 2, analysis was performed using a repeated measures 

ANOVA test (α = .05).  Objective 2 was used as the basis for the hypothesis to be 

tested.   

 

H0:  Muscleij difference for males = Muscleij difference for females 

 Ha:  Muscleij difference for males ≠ Muscleij difference for females 

  
 Results of the ANOVA test indicated that there was a significant difference 

between gender overall (P-value = .004).  This significance resulted in a rejection of  

the null hypothesis.  In addition to the overall significant difference, there was found 

to be a significant interaction between the weight and gender factors (P-value = .002).  



Texas Tech University, Adam Pickens, August 2008 

 149 

For males, for all loads, the EMG values were higher than the model predictions.  As 

the weight of the bag increased to the 48-pound load, EMG values were much higher 

than the model predictions.  This indicated that for males, as hand load increased, the 

model was less accurate in its prediction of muscle activity.  The opposite case was 

true for females.  For females, for the 24-pound and 36-pound loads, EMG values 

were higher than the model predictions.  However, for the heaviest load, 48 pounds, 

the EMG values were lower than the model predictions.  For females, this indicates 

that overall, the model under predicts muscle activity for the 24-pound and 36-pound 

loads and is fairly accurate for the 48-pound load. 

 

6.2.4.  Objective 4 

The Chalmers model predicts muscle activity in the selected musculature equally 
well for different hand loads. 
 

For analysis of Objective 3, analysis was performed using a repeated measures 

ANOVA test (α = .05).  Objective 3 was used as the basis for the hypothesis to be 

tested. 

 

H0:  EMG value in for loadi = Model value for loadi 

 Ha:  EMG value in for loadi ≠ Model value for loadi 

  

 Results of the ANOVA test indicated a rejection of the null hypothesis.  The 

ANOVA test yielded results that showed significant difference between the EMG 

values and model predictions across all loads (P-value = .016).  Results showed that 
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the observed EMG values were higher than the model predictions for all loads.  This 

can be seen in Figure 5.6.  The differences between the EMG values and the model 

predictions were examined using Equation 5.5 to gain a clear understanding of the 

model accuracy.  Results indicated that the model predicted muscle activity most 

accurately for the 36-pound load and least accurately for the 48-pound load.  These 

trends can be seen in Figure 5.7.   

 

6.2.5.  Objective 5 

There is noteworthy activity in the musculature of the left neck/shoulder during 
the right-hand lifting task. 
 
  

 While muscle activity on the right side for a right-hand lifting task was 

expected, this study sought to examine the left side as well to consider any 

contributions the musculature makes to the compressive forces on the cervical spine.  

Results indicated that overall, the activity observed on the right and left sides was 

significantly different.  Though the activity levels were significantly different, activity 

levels on the left side were, overall, just slightly lower than those on the right.  

Figures 5.44 and 5.45 show the activity levels of the male ad female subjects’ right 

and left sides.   

 From a modeling standpoint, this observed activity in the left side for a right-

hand lifting task indicates that all muscles of the neck should be included when 

attempting to quantify the forces on the cervical spine due to lifting tasks.  Because of 

the overall muscle activity observed in this study, any attempt to estimate the forces 
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on the cervical spine due to hand loads without considering all muscles with 

attachments on the cervical spine would lead to an overall underestimation.   

 
 
6.3.  Future Work 
 
 While many questions were answered in this study, questions still remain 

unanswered.  Foremost among these is the nature of the deviations of the observed 

experimental from the model predictions.  As was noted in Chapter III, the 

anatomical parameters used in the Chalmers model were derived from cadaver 

studies.  The limitation with these parameters, however, is that they were drawn from 

a limited number of cadavers.  The male parameters were taken from three (3) 

cadavers and the female parameters were taken from two (2) cadavers.  Both male 

and female parameters were taken from elderly populations.  As previously noted in 

Chapter III, these limited sample sizes and the age of the subjects offer a possible 

explanation for the overall underestimation of muscle activity.  Future work to gather 

a more comprehensive sample of neck and shoulder musculature and geometry with 

subjects of an age closer to the working population could lead to more accurate 

predictions of muscle forces in the working population.   

Work to further establish the link between hand loads and degenerative 

cumulative trauma disorders of the cervical spine is also necessary to guide future 

studies.  Establishing the link between hand loads and cumulative disorders of the 

cervical spine epidemiologically will allow for more accurate definition of the injury 

mechanism responsible for cervical spine trauma.  
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As was suggested in Chapter III, this study aimed to adapt a static model to a 

dynamic task.  While the design of the study was such in Chapter IV, that the point in 

time of maximum theoretical force generation was used, the adaptation of a static 

model to a dynamic task may be some of the cause of the variation between the 

observed experimental data and the model predictions.  Future work should address 

analyzing the dynamic lifting tasks using dynamic modeling techniques.   

In addition to adapting dynamic modeling techniques, the ultimate goal is 

bridging the gap between the neck and shoulder.  The aim of bridging the gap from a 

modeling standpoint is to estimate the compressive and shear forces on the cervical 

spine from hand loads in one combined model.  To truly estimate the forces on the 

cervical spine from hand loads, bilateral loads must be calculated for the musculature 

of the neck.  While subjects in this study performed right-hand lifting tasks, results 

showed significant muscle activity in the muscles of the left side of the neck.  Results 

of the four-way repeated measure ANOVA indicated that the activity in the right and 

left sides were significantly different.  However, plots of the mean activity levels 

indicated that males had higher activity levels in the splenius on the left side and 

females had higher activity levels in the trapezius on the left side.  These results show 

the need for including bilateral force generation in the musculature in modeling of the 

neck.  Accurate prediction of the forces on the cervical spine due to hand loads cannot 

exist without the inclusion of the bilateral muscle forces of the neck/shoulder. 
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6.4.  Study Limitations 

 While this study yielded significant findings, there were some limitations to 

the findings.  These limitations were due to the study design and assumptions that 

were made in the data collection.  The primary limitation was due to the limitations of 

surface electromyography.  Because of the potential inaccuracies in electrode 

placement and electrode movement during the collection period, surface 

electromyography inherently has the potential for imperfect data collection.  While 

steps were taken to insure accurate electrode placement, the inherent imperfection in 

the method of surface electromyography could have led to data that were potentially 

skewed.  This potential lies most with the data for the splenius and the levator 

scapulae.  The reason lies with the anatomical positioning of the muscles.  Larger 

muscles, mainly the trapezius and sternoclediomastoid, surround both muscles.  The 

two muscles also share similar lines of action and are anatomically near one another.  

This proximity to one another and their proximity to larger muscles, the trapezius and 

sternoclediomastoid, leads to the potential for cross-talk between the muscles.  This 

cross-talk is an intrinsic problem with surface electromyography.  Cross-talk occurs 

when an electrode collects the electrical activity of not only the intended muscle, but 

of other surrounding muscles.  This leads to recorded values for that muscle that are 

greater than the actual activity levels of the muscle.   

 Another potential source of error in this study was the adaptation of a dynamic 

task to a static model.  Assumptions were made that in examining the peak EMG 

value observed in such a small time window, on average .024 seconds, and looking at 
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the body position at the time of the peak EMG value, a point in time of a dynamic 

task could be modeled as a static event.  While this may not be entirely accurate, and 

could have led to some error in the data that were analyzed, data indicated that while 

the observed EMG values and model predictions were significantly different, the 

differences across all muscles was not great.   

 In examining the normalization of the EMG data, some inherent limitations 

exist.  Because there were peak values collected during the data collection period that 

exceeded the observed peak values collected for the MVC, it is clear that there were 

limitations in the MVC data collection procedure.  However, with such a 

disproportionately large percentage of the peaks that exceeded the peak collected 

from the MVC collection period being seen in the splenius and levator scapulae, the 

potential cause for higher values lies primarily with the cross-talk problem discussed 

previously in this section.  Other potential sources of this error are the subjects’ 

comfort level with the task increasing over time and limitations in the MVC 

collection procedures due to the action of the levator scapulae and the splenius. 

 

6.5.  Final Remarks 

 Work on this dissertation began with the primary objective of validating the 

accuracy of a current shoulder model for muscles shared by the shoulder and cervical 

spine for possible use as inputs into a combined neck/shoulder model. While there 

exist shoulder models and neck models, current work is limited to individual shoulder 

models and neck models while anatomically, the two are interconnected so the main 

objective of this dissertation remains sound.  The analysis was performed on muscles 
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shared by the neck and shoulder.  Activity in the splenius, a muscle solely in the neck, 

was recorded during the lifting task.  Analysis showed activity in the splenius during 

the lifting task.  While not part of the shared anatomical link between the shoulder, 

the splenius was clearly active during the task and thus contributing to the 

compressive forces on the cervical spine.  These results indicate that in future work, 

not only should the shared musculature of the neck and shoulder be considered during 

modeling, but also the musculature of the neck not shared with the shoulder in order 

to get more accurate predictions of the compressive forces exerted on the cervical 

spine due to hand loads.  Results also indicated that there was significant activity in 

the musculature of the left side of the neck, even though this was a right-hand lifting 

task.  These results indicate the need to include the bilateral musculature of the 

neck/shoulder when developing a combined model for accurate force prediction on 

the cervical spine.   

 In conclusion, while many studies have focused on estimating the forces in the 

shoulder and the forces in the neck, it is clear that the two share an anatomical link 

and thus the transmission of force.  Current neck modeling focuses on forces exerted 

on the head to estimate forces on the cervical spine.  However, to be accurate in the 

prediction of all forces on the cervical spine, the transmission of force from the 

shoulder musculature as well as the muscles of the neck must be taken in to 

consideration for the predictions to approach reality. 
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APPENDICES 

Appendix I.  Motion Capture Data (Abbreviated) 

DataRate CameraRate NumFrames NumMarkers Units 
Data 
Rate 

Start 
Frame NumFrames 

60.0 60.0 240.0 9.0 mm 60.0 1.0 240.0 

Frame# Time R-Wrist     
R-
Elbow     

    X1 Y1 Z1 X2 Y2 Z2 
                

1 0.00 304.59 611.30 612.04 405.99 678.51 849.71 
2 0.02 304.59 611.30 612.04 405.93 678.34 849.73 
3 0.03 304.37 612.05 612.01 405.78 678.45 849.87 
4 0.05 304.15 612.35 612.09 405.78 678.45 849.87 
5 0.07 304.30 612.48 612.26 405.13 678.68 850.16 
6 0.08 304.32 612.52 612.17 404.93 678.47 850.12 
7 0.10 304.39 612.81 612.30 404.56 677.93 849.75 
8 0.12 304.53 612.98 612.43 404.19 678.16 850.18 
9 0.13 304.39 612.81 612.30 403.91 677.88 850.32 

10 0.15 304.18 612.53 611.93 403.55 677.62 850.34 
11 0.17 303.88 612.32 612.32 403.35 677.51 850.27 
12 0.18 303.81 611.72 612.53 402.76 677.39 850.18 
13 0.20 303.59 611.81 612.35 402.19 677.56 850.36 
14 0.22 303.46 611.71 612.22 401.40 677.77 851.04 
15 0.23 302.91 611.75 612.72 400.04 677.28 851.39 
16 0.25 302.53 611.18 613.50 398.57 677.24 851.73 
17 0.27 301.77 611.16 614.39 396.75 676.63 852.98 
18 0.28 300.93 610.81 616.35 395.70 677.18 854.60 
19 0.30 298.47 609.29 619.85 394.27 678.03 856.33 
20 0.32 297.60 609.16 623.68 392.46 679.98 860.12 
21 0.33 296.88 609.90 627.27 390.46 681.19 864.56 
22 0.35 297.18 611.68 629.17 386.35 684.31 869.19 
23 0.37 297.64 613.30 631.43 384.49 684.73 872.70 
24 0.38 298.64 614.48 634.39 383.66 685.63 875.25 
25 0.40 299.80 615.30 637.25 383.77 686.87 878.88 
26 0.42 301.31 616.62 640.36 385.48 689.16 881.80 
27 0.43 302.56 618.98 645.39 388.36 693.18 884.84 
28 0.45 302.97 620.21 650.49 390.55 698.16 889.88 
29 0.47 304.06 621.67 656.92 392.51 704.03 894.98 
30 0.48 304.16 623.02 664.67 393.30 710.27 901.61 
31 0.50 304.23 624.28 673.47 395.14 716.54 908.71 
32 0.52 304.80 624.55 684.05 396.94 722.15 916.09 
33 0.53 304.84 626.20 695.92 398.73 728.66 924.30 
34 0.55 305.03 627.23 708.32 400.38 736.07 934.26 
35 0.57 306.33 629.34 721.54 402.19 743.66 944.63 
36 0.58 307.73 631.17 736.70 404.30 751.25 955.76 
37 0.60 309.79 633.68 752.60 407.56 759.02 967.43 
38 0.62 311.26 637.71 769.10 411.78 766.84 980.82 
39 0.63 313.01 643.16 787.04 417.00 774.94 994.81 
40 0.65 315.55 649.46 805.19 423.48 782.32 1009.09 
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Appendix II. EMG Data (Abbreviated) 

waveform [0] [1] [2] [3] [4] [5] [6] 
t0 0 0 0 0 0 0 0 
delta t 0.00098 0.00098 0.00098 0.00098 0.00098 0.00098 0.00098 
                

time Rt. SCM Rt. Splen. Rt. Lev. Sc. Rt. Trap Lft. SCM Lft. Splen. 
Lft. Lev. 
Sc. 

0.00000 0.0000 -0.0195 -0.0049 -0.0049 -0.0049 -0.0098 0.0049 
0.00098 0.0049 -0.0098 0.0000 0.0049 -0.0049 -0.0049 0.0098 
0.00196 0.0098 0.0098 0.0049 0.0049 -0.0049 -0.0049 0.0146 
0.00294 0.0098 0.0146 0.0049 0.0000 -0.0049 -0.0098 0.0146 
0.00392 0.0049 0.0049 0.0000 -0.0049 -0.0049 -0.0146 0.0195 
0.00490 0.0000 0.0098 0.0049 -0.0049 0.0000 -0.0049 0.0195 
0.00588 -0.0146 0.0244 -0.0049 -0.0049 0.0000 0.0000 0.0098 
0.00686 -0.0195 0.0342 -0.0244 -0.0098 0.0000 -0.0049 0.0049 
0.00784 -0.0195 0.0244 -0.0342 -0.0098 0.0000 -0.0098 0.0098 
0.00882 -0.0146 0.0049 -0.0439 -0.0049 0.0049 0.0049 0.0049 
0.00980 -0.0098 -0.0098 -0.0244 -0.0049 0.0049 0.0049 -0.0049 
0.01078 -0.0049 -0.0293 0.0049 0.0000 -0.0049 -0.0049 -0.0146 
0.01176 -0.0049 -0.0342 0.0049 0.0000 0.0000 0.0000 -0.0195 
0.01274 0.0000 -0.0293 0.0049 0.0000 0.0000 0.0000 -0.0195 
0.01372 0.0000 -0.0195 0.0098 0.0098 0.0000 0.0000 -0.0146 
0.01470 0.0000 -0.0146 0.0000 0.0146 0.0000 0.0000 -0.0146 
0.01568 0.0049 -0.0146 -0.0098 0.0098 -0.0049 -0.0098 -0.0146 
0.01666 0.0000 -0.0098 -0.0195 -0.0049 -0.0049 -0.0195 -0.0146 
0.01764 0.0000 -0.0049 -0.0244 -0.0049 -0.0098 -0.0195 -0.0098 
0.01862 0.0000 0.0049 -0.0244 -0.0049 -0.0049 -0.0195 -0.0049 
0.01960 0.0000 0.0098 -0.0146 0.0000 0.0000 -0.0146 0.0098 
0.02058 0.0000 0.0195 -0.0098 0.0000 -0.0049 -0.0098 0.0098 
0.02156 0.0000 0.0244 -0.0098 -0.0098 -0.0098 -0.0195 0.0098 
0.02254 0.0000 0.0244 -0.0049 -0.0049 -0.0146 -0.0049 0.0049 
0.02352 0.0000 0.0244 -0.0049 -0.0098 -0.0049 0.0049 -0.0049 
0.02450 0.0000 0.0146 -0.0146 0.0000 0.0000 0.0195 0.0000 
0.02548 0.0000 0.0049 -0.0195 0.0000 0.0098 0.0293 -0.0049 
0.02646 0.0000 -0.0049 -0.0195 0.0098 0.0049 0.0293 -0.0049 
0.02744 -0.0049 -0.0098 0.0000 0.0195 0.0098 0.0244 0.0098 
0.02842 -0.0049 -0.0195 0.0146 0.0098 0.0146 0.0146 0.0098 
0.02940 0.0049 -0.0391 0.0195 0.0098 0.0049 0.0146 0.0049 
0.03038 0.0146 -0.0342 0.0342 0.0146 0.0000 0.0146 -0.0049 
0.03136 0.0000 -0.0293 0.0488 0.0000 -0.0049 0.0049 -0.0098 
0.03234 -0.0195 -0.0244 0.0488 -0.0195 -0.0049 0.0000 -0.0195 
0.03332 -0.0146 -0.0244 0.0537 -0.0342 -0.0049 0.0000 -0.0146 
0.03430 -0.0098 -0.0293 0.0439 -0.0244 -0.0049 0.0000 -0.0146 
0.03528 0.0000 -0.0244 0.0342 -0.0293 -0.0098 -0.0146 -0.0146 
0.03626 0.0049 -0.0244 0.0244 -0.0293 -0.0098 -0.0195 -0.0049 
0.03724 0.0000 -0.0195 0.0195 -0.0293 -0.0098 -0.0244 -0.0049 
0.03822 0.0049 -0.0049 0.0098 -0.0146 -0.0049 -0.0146 -0.0049 
0.03920 0.0049 0.0049 0.0098 -0.0098 -0.0049 -0.0244 -0.0146 
0.04018 0.0049 -0.0049 0.0244 0.0000 -0.0049 -0.0146 -0.0098 
0.04116 0.0049 0.0000 0.0342 0.0098 -0.0049 -0.0049 0.0000 
0.04214 0.0049 0.0195 0.0195 0.0244 0.0000 0.0000 0.0049 
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Appendix III.  Personal Data/Consent Forms 

Personal Data Form 

Texas Tech University 

Effects of hand loads on cervical disc compression  Date_____________ 

Name___________________________________________ Age_____________ 

Sex_________ Height (ft in) ___________  Weight 

(lbs)____________ 

In case of emergency contact:  Name____________________Phone___________ 

Check if susceptible to: 

Shortness of breath_____ Dizziness_____ Headaches_____Fatigue_____ 

Pain in arm, shoulder or chest_____ 

If you checked any of the items above please explain: 

_____________________________________________________________________

_____________________________ 

Are you currently taking any medication? _____  If so, please explain:  

_____________________________________________________________________

_________________ 

Have you had, or do you currently have any problems with your blood pressure?  

______ 
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If so, please explain:  

______________________________________________________ 

In the last 6 months have you had any neck or shoulder pain? _____  

 If so, please explain:  

________________________________________________________________ 

Have you ever had any problem with your neck or shoulder requiring surgery?  _____ 

If so, please explain:  __________________________________________________ 

Have you ever been required, by a physician to wear a neck brace?            

If so, please explain: ___________________________________________________                                                                                                   
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Consent Form 

Please carefully read and sign the attached consent form. 

I have truthfully answered the personal data questions attached to this form to 
the best of my knowledge.  I hereby give my consent for my participation in the 
project entitled:  Effects of hand loads on cervical disc compression.  I understand 
that the person responsible for this project is:  Dr. J.C. Woldstad, telephone number 
742-3451.  He or his authorized representative, Adam Pickens, (742-3429) has 
explained that these studies are part of a project that has the following objective:  to 
investigate the contribution hand loads have in cervical spine (neck) compressive 
forces through the application of engineering principles to human joints and the 
analysis of the electrical activity of specific muscles.  The information obtained 
should lead to better job task analysis for prevention of neck injuries.  Dr. J.C. 
Woldstad or his authorized representative has agreed to answer any inquiries I may 
have concerning the procedure and has informed me that I may contact the Texas 
Tech University Institutional Review Board for the Protection of Human Subject by 
writing them in care of the Office of Research Services, Texas Tech University, 
Lubbock, Texas 79409, or by calling them at (806) 742-3884. 

Information concerning payment for my participation in this study has been 
explained to me as follows:  (a) for participation in the study I will be paid $7.50 per 
hour; and (b) I may withdraw from the study at any time and receive payment for my 
participation prior to withdrawal. 

He or his authorized representative has (1) explained the procedure to be 
followed and identified those which are experimental and (2) described any potential 
discomfort and risks. 

The explained procedure is as follows.  Prior to the experiment, I will be given 
the opportunity to familiarize myself with the task and practice the lifting technique 
described to me.  I will be asked to perform a series of isometric contractions where 
specific muscles are contracted, but do not change length to verify electrode 
placement.  I will then participate in a series maximal voluntary contractions designed 
to isolate specific muscles.  Following the maximal voluntary contractions, I will be 
asked to perform the lifting task with a series of bags and weights ranging between 24 
lbs and 48 lbs.   

The risks have been explained to me as follows:  muscle strain or sprain, 
muscle soreness, neck or shoulder strain.  It has also been explained to me that the 
risks have been quantified using engineering analysis techniques and that all of the 
tasks I will be asked to perform pose no more than minimal risk to my safety.  It has 
also been explained to me that minimal risk is defined such that that the probability 
and magnitude of harm or discomfort anticipated in the research are not greater in and 
of themselves than those ordinarily encountered in daily life or during the 
performance of routine physical or psychological examinations or tests. 



Texas Tech University, Adam Pickens, August 2008 

 176 

It has further been explained to me that the total duration of my participation 
will be approximately three hours, that only members of the research group will have 
access to the records and/or data collected for this study, and that all data associated 
with this study for any individual subject will remain strictly confidential. 

Dr. Woldstad will answer any questions you have about the study. For 
questions about your rights as a subject or about injuries caused by this research, 
contact the Texas Tech University Institutional Review Board for the Protection of 
Human Subjects, Office of Research Services, Texas Tech University, Lubbock, 
Texas 79409. Or you can call (806) 742-3884. 

I understand that I may discontinue this study at any time I choose without 
penalty. 

I understand that this project involves research and I give my consent for my 
inclusion in the research project entitled, “Hand load contributions to cervical spine 
compressive forces.” 

 

This consent form is not valid after July 31, 2008. 

 

Signature of Subject________________________________________Date________ 

Signature or Project Director or his Authorized Representative: 

_____________________________________________________ Date________ 

Signature of Witness to Oral Presentation: 

_____________________________________________________ Date________ 
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Appendix IV. Special Instruction for the Subjects 

Special Instruction for Subject 
(Please read carefully before starting the experiment) 

This is an experiment to investigate the contribution of hand loads to the 

compressive forces on the cervical spine (neck).  The objective of this experiment is 

to validate the output predictions from current models of engineering techniques 

designed to estimate the forces on human joints (biomechanics) using a system 

designed to collect analyze the electrical activity of specified muscles 

(electromyography).  The information obtained should lead to better job task analysis 

for prevention of neck injuries.   

Prior to the experiment, you will be given an opportunity to familiarize 

yourself with the lifting task of the experiment (3 bags, 3 weights each, 24 lbs to 48 

lbs total weight).  You will be asked to lift three (3) different pieces of luggage onto a 

workstation table.  While lifting, your only restriction is to use your right hand only 

during the task.   

After the familiarization session, electrodes for the electromyography system 

will be attached to your skin surface and you will be asked to perform a series of 

muscle contractions to isolate specified muscles.  The electrodes will not pass any 

current to you; they are in place only to record the electrical activity of the targeted 

muscles. This electrical activity occurs naturally when muscles contract.  Following 

the muscle isolation, you will be asked to perform a series of maximum voluntary 

muscle contractions.  These contractions were designed based on the actions of the 



Texas Tech University, Adam Pickens, August 2008 

 178 

targeted muscles.  They are such that the muscles are contracted with full force, but 

do not change length.  The final period of the experiment will be the lifting task data 

collection period.  In this period, you will be asked to repeatedly lift the pieces of 

luggage onto a workstation table using the previously described smooth lifting 

technique while being recorded by a motion analysis system and the 

electromyographic system. 

The testing procedures are designed to all be the same lifting task for each 

weight/height combination.  The only change in the lifts will be randomized changes 

in the size of the bag and the weight contained in the bag.  You will be informed prior 

to each lift as to the weight in each bag. 
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APPENDIX V:  Box-Cox Transformation Parameter (λ) Plots 

 

Figure A5.1.  Plot of Box-Cox transformation parameter (λ) estimate 
(EMG/Model) 

 

 



Texas Tech University, Adam Pickens, August 2008 

 180 

 

Figure A5.2. Plot of Box-Cox transformation parameter (λ) estimate (SCM) 

 

Figure A5.3. Plot of Box-Cox transformation parameter (λ) estimate (Lev. 
Scap)  
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 Figure A5.4. Plot of Box-Cox transformation parameter (λ) estimate (Trap.) 

 

Figure A5.5. Plot of Box-Cox transformation parameter (λ) estimate 
(Right/Left) 
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 Figure A5.6.  Box-Cox transformation parameter (λ) estimate (SCM) 

 

 

 Figure A5.7.  Box-Cox transformation parameter (λ) estimate (Splenius) 
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 Figure A5.8.  Box-Cox transformation parameter (λ) estimate (Lev. Scap.) 

 

 

 Figure A5.9.  Box-Cox transformation parameter (λ) estimate (Trap.) 


