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Abstract 
 

Lifting tasks in the workplace have been associated with a variety of musculoskeletal 

disorders including disorders of the shoulder and back.  The exact mechanisms leading to injury 

are still not completely understood.  Fatigue is a concern while lifting as it may result in a less 

efficient lifting technique, thereby, increasing the risk of injury (Gandevia, 2001).  The purpose 

of this study was to investigate the fatigue related neuromuscular changes that occur while 

lifting.  32 participants (16 male and 16 female) between the ages of 20 and 40 performed 

three different symmetrical lifting protocols consisting of a sagittal lift from floor to shoulder 

height at a rate of six lifts per minute with a box weighing 10 percent of the participants’ 

predetermined lifting capacity.  The general fatigue protocol consisted of 75 minutes of 

continuous lifting.  The shoulder and back fatigue protocols consisted of a five minute period of 

baseline lifting followed by a shoulder specific or back specific fatiguing task and then an 

additional five minutes of post-fatigue lifting.  Electromyographic (EMG) activity was recorded 

at eight locations including the anterior and posterior deltoid, biceps, triceps, upper trapezius, 

latissimus dorsi as well as the thoracic and lumbar erector spinae musculature.  Results 

indicated that participants were fatigued in all three protocols.   Participants had significant 

increases in perceived exertion for all three protocols (P < 0.05).  The general protocol was 

perceived to be significantly more difficult than the shoulder protocol and the shoulder 

protocol was perceived to be significantly more difficult than the back protocol.    Maximal 

voluntary isometric exertion (MVIE) forces decreased significantly for all three protocols.  

Males decreased significantly more than females in the total force drop for the shoulder MVIEs, 

however, there was no difference between genders when the decreases were examined as a 

percentage decrease relative to their initial maximal capacity.  The relative time to peak values 
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decreased significantly in five of the eight muscle locations monitored in the general fatigue 

protocol.  Few other clear patterns of change in EMG activity were noted.   The lack of 

consistent changes in EMG may be indicative of the redundancy in the variety of ways the 

participants were able to accommodate to accomplish the lifting task while fatigued. 
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1.  REVIEW OF LITERATURE  
 

1.1 Introduction 

 

The prevalence of musculoskeletal pain and injury in workplaces that demand physical 

work has made this a focal area for ergonomics research for the past 30 years.  Injuries not 

only affect the individual workers, they also have negative implications to employers and 

companies in many ways including losses in productivity and compensation.  Musculoskeletal 

disorders (MSDs), often referred to as ergonomic injuries, accounted for 29 percent of all 

workplace injuries and illnesses requiring time away from work in the U.S. in 2008 (U.S. Bureau 

of Labor Statistics, 2009).  The 2009 United States Bureau of Labor’s Occupational Safety and 

Health Administration (OSHA) report on the number of nonfatal occupational injuries and 

illnesses involving days away from work, 2008, indicated that laborers and freight, stock, and 

material movers had the highest incidence of injury compared to other professions/groups 

with an incidence rate of 440 per 10,000 workers.  This occupation group also experienced the 

highest number of days away from work due to injuries and illnesses with 79,590 missed days.  

Within this group there was an increase in the median days away from work from seven to 

eight days/year from 2007 to 2008.   

Sprains and strains were found to be the most common reason for lost days of work 

and accounted for 50.5 percent of all lost time from work in Ontario in 2008 (Workplace Safety 

and Insurance Board of Ontario, 2008), and 39% of all lost days in the US in 2008 (U.S. Bureau 

of Labor Statistics, 2009).  Injuries to the low back were found to be the greatest reason for lost 

days across all professions accounting for 21% of the cases, followed by injuries to the legs 

(9.1%), the fingers (7.6%) and the shoulder (6.9%) (Workplace Safety and Insurance Board of 
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Ontario, 2008).  Within the manufacturing industry, shoulder injury was reported to have an 

incidence  of 9.1 per 10,000 full time workers which was third behind back (19.5) and finger 

(18.4) (U.S. Bureau of Labor Statistics, 2009).  In the US, it was determined that 40% of all 

sprains and strains were to the low back followed by 12.4% in the knee and 11.7% in the 

shoulder (U.S. Bureau of Labor Statistics, 2009).  In addition to these statistics, the prevalence 

of shoulder disorders has been estimated to be as high as 30-40% in the construction and 

manufacturing industries (Anton, 2001).   A sample of the total number of lost time claims due 

to shoulder injuries in the province of Ontario can be seen in Figure 1.1. 

 

 

Figure 1.1 The number of lost time claims due to shoulder injuries each year across 10 years.  

The numbers represent combined shoulder injuries claims across all professions to the Ontario 

WSIB (Workplace Safety and Insurance Board, 2008). 

 

There has been a great deal of ergonomic and health and safety research leading to 

guidelines such as those prepared by the National Institute for Occupational Safety and Health 
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(NIOSH) in attempt to reduce workplace injuries and increase worker safety (Waters, 1993).  

These guidelines were created based on literature reviews of different workplace factors and 

their relationship with subsequent development of musculoskeletal disorders.  The NIOSH 

(1998) report indicated sufficient evidence that repetitive motions as well as maintaining 

flexion or abduction of greater than 60 degrees are risk factors for the development of 

shoulder musculoskeletal disorders.    

Manual material handling is a common activity in industry that may include a variety of 

tasks depending on the industrial setting.  Manual material handling and manufacturing 

activities such as lifting are complex dynamic tasks involving not only the trunk and spine, but 

also the upper and lower extremities.  These tasks require the organization of multiple degrees 

of freedom within the neuromuscular system which are affected by a multitude of additional 

and competing factors which contribute to the complexity of a lifting task (Chen, 2000). 

It is not surprising given the strong relationship between lifting activities and the 

development of low back pain (LBP) that journals are saturated with research investigating the 

mechanisms of industrial LBP, the kinetics and kinematics of the back for a range of lifting 

activities, as well as the neuromuscular demands associated with lifting activities.  This prolific 

research has raised awareness, resulting in significant advances in ergonomic controls and 

design in industry focusing on reducing low back issues.  In contrast with the prolific research 

on LBP, there have been far fewer ergonomics-related studies focusing on shoulder mechanics 

with the attention growing in this area more recently (Sommerich, 2006).  

The lack of studies in this area may be due in part to the shoulder's anatomical 

complexity.  The shoulder is the most mobile joint in the body with its anatomical design 

allowing a wide range of motion in nearly all directions (van der Hoeven, 2006).  This mobility, 
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however, leads to a fragile equilibrium between stability and mobility.   The stability in the 

shoulder is a result of its surrounding soft tissue structures including the glenoid labrum, the 

glenohumeral ligaments and the musculature surrounding the glenohumeral joint including the 

rotator cuff musculature and the prime movers of the glenohumeral complex.  Dysfunction in 

any one of these structures can lead to shoulder pain.  Shoulder pain can also be the result of a 

variety of mechanisms including tendinosis, tenosynovitis, peritendinosis, bursitis or internal 

impingement.  In light of the limited research on occupational shoulder biomechanics, a better 

understanding of the loading and movement patterns in the shoulder is needed as well as a 

better understanding of the required motion coordination between the shoulder and back to 

successfully complete lifting tasks in a safe manner to maximize worker safety. 

Figure 1.2 provides a schematic of the current line of research by the Ergonomics 

Research Group at the University of New Brunswick.  The left portion of Figure 1.2 illustrates 

several of the independent variables that are associated with the work demands of a lifting 

task.  This figure demonstrates the high level of complexity associated with a prolonged lifting 

task and the interplay of many variables required when completing a lifting task. The 

independent and dependent variables of interest in this research project are highlighted by the 

boxes with the yellow shading. The remainder of the literature review will outline the major 

considerations in each of the section presented in the figure, with more attention given to the 

areas of focus to this thesis.  The systematic presentation of the review will begin with the 

independent variables followed by the biomechanical dependant variables and their 

corresponding related risks outlined in the literature.  
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Figure 1.2  Illustrates the University of New Brunswick Ergonomics Research Groups research 

program focusing on the effects of fatigue on lifting performance.  A large number of 

independent variables can be investigated to determine their individual or combined effect on 

the biomechanical modifications that may occur in terms of lifting kinematics, the 

neuromuscular control and the resulting joint kinetics. Changes in each of these biomechanical 

variables have been linked to injury risk 

 

1.2 Independent variables associated with lifting tasks 

   

1.2.1 Employee factors 

The ability of an individual to physically complete a MMH task is affected by several 

factors including their age (Ketcham, 2004), sex (Albert, 2006; Clark, 2003; Clark, 2005; Hunter, 

2001; Lindbeck, 2001), clinical status (Lariviere, 2002; Slaboda, 2008), and experience level 
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(Plamondon, 2010).   The OSHA report (2009) indicated that only the over 65 age group had an 

increase in occupational injuries (6%) between 2007 and 2008.  Workers who were 20 to 24 

years of age had the highest days-away-from-work rate of 119 cases per 10,000 full-time 

workers, which was an 11 percent decrease from 2007 (U.S. Bureau of Labor Statistics, 2009).  

In general, men have a higher workplace injury incidence rate compared to women accounting 

for 60-65% of lost days (Workplace Safety and Insurance Board of Ontario, 2008; U.S. Bureau of 

Labor Statistics, 2009).  

1.2.2 Task factors 

The lifting task factors include the lift orientation, the lift envelope, the lift rate and the 

lift magnitude.  All of these factors combine to determine the overall demands of the task and 

dictate the movement coordination in terms of joint mechanics.  There is a strong interplay 

between these factors and the employee and fatigue factors which determine the ability of an 

individual to perform the task.  In a study assessing differences in lifting techniques with 

different shelf heights, Burgess-Limerick et al. (2001) determined that lifting patterns are 

changed as a result of a change in the height of a shelf.  They found a transition from a stoop to 

a squat technique occurred when the shelf was lowered while a transition from a squat to a 

stoop technique occurred as the shelf height was increased (Burgess-Limerick, 2001).  It has 

also been found that lifts from floor to knuckle height place less strain on the shoulder than 

floor to shoulder movements (Chen, 2000).  When assessing the effect of load magnitude on 

lifting technique, Scholz et al. (1995) determined, using relative phase analysis, that the lumbar 

spine and shoulder extension lagged behind knee extension during the lift portion of the task 

when larger loads were lifted by experienced lifters.  Burgess-Limerick et al. (1995) assessed 

the kinematic changes to a lifting cycle as a result of increasing the hand load and found that 
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while the mean duration of the flexion and extension phases increased as the load increased, 

this delayed maximum vertical load acceleration.  

1.2.3 Fatigue factors   

In manual materials handling work, the fatigue related changes in lifting technique 

have been a key focus due to the perceived injury risk of fatigued muscles being less capable of 

reacting to any perturbations that may occur during a lift (Albert, 2006).  Given that the 

shoulder relies primarily on soft tissue for stabilization, the strength and endurance of the 

muscles acting on the shoulder complex is imperative to maintaining joint stability.   With the 

wide range of motion available at the shoulder, the muscular force seen in any given activity is 

the sum of the forces being produced by all the muscles involved leading to a resultant force.  

The resultant force about the shoulder determines if the shoulder will remain static or if a 

dynamic movement will occur (Kroemer, 2006). 

In the literature, static strength is most commonly reported owing to the fact that it is 

more easily controlled and measured.  Another benefit to static force measurement is that 

maximal voluntary contractions can be performed allowing for later comparison of the muscle 

activity in relation to its’ maximal capacity which provides an ideal means for quantifying 

fatigue.   Static force measurement, however, has limitations that can be magnified when 

examining the shoulder joint due to the crossing of multiple joints (elbow, wrist) thereby 

increasing the degrees of freedom (Kroemer, 2006).  Any changes in the postures of the wrist 

and elbow may affect the shoulder and may reduce the maximal force capability at the 

shoulder as the maximal force is a reflection of the force tolerated by the weakest link 

(Kroemer, 2006).  Unfortunately, dynamic strength assessment presents some challenges due 

to changes in the length of the muscle, the force length relationship, as well as the changing 
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muscle contribution and coordination at different joint positions (De Luca, 1997; Enoka, 2002; 

Kroemer, 2006).   A number of studies have examined shoulder strength in its possible ranges 

of motion under isometric (Iridiastadi, 2008; Hughes, 1999; Kramer, 1996; Yassierli 2007) or 

dynamic conditions (Kramer, 1996; Whitcomb, 1995).  Only one of these studies (Kramer, 

1996) examined differences between isometric and dynamic shoulder strength.  They studied 

internal and external rotation strength and found that there is a strong relationship between 

isometric and dynamic strength with the correlations decreasing as the angular velocity 

increases during dynamic movements.  Hughes et al. (1999) assessed isometric shoulder 

strength in flexion, abduction, internal rotation and external rotation at varying degrees to 

produce normative data and found that age was negatively associated with all strength 

measures whereas weight was positively associated with them.   They also found that men 

were stronger than women even when controlled for age and weight and found that the 

dominant arm was significantly stronger than the non-dominant in only some strength 

measures. 

Another factor in looking at fatigue is muscular endurance.  Muscle endurance is a 

reflection of several physiological processes both within the muscle itself as well as outside of 

the muscle.  One of the most important factors in endurance is adequate blood supply allowing 

oxygen and energy supplies to be carried to the muscle and for metabolic by products to be 

cleared from the muscle.   As the force of a muscle contraction is increased, the intra-muscular 

pressure is increased and can impede blood flow. This reduces the ability of the muscle to 

maintain the contraction due to the build-up of by-products and lack of sufficient energy 

sources and oxygen arriving to the muscle.   A maximal static contraction can only be held for a 

few seconds while a contraction at 50% of maximal contraction can be held for approximately 

one minute and a contraction at 20% of maximal contraction can be held for several minutes 
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(Kroemer, 2006).   There is currently limited information on the endurance capabilities of the 

muscles acting on the shoulder.  It is also unknown whether the increased fatigability seen in 

the lumbar paraspinal muscles of males compared to females (Kankaanpaa, 1998) transfers to 

the shoulder musculature.   Yassierli et al. (2007) assessed the endurance of the middle deltoid 

during an isometric shoulder abduction protocol and found that increased workload as 

measured by percentage of MVC attained, was associated with shorter endurance times.   

Studies assessing differences in muscle endurance capacity between males and 

females have produced conflicting results.  Although some recent studies have shown that 

women have greater muscular endurance (Hunter, 2001; Clark, 2003; Clark, 2005), others have 

demonstrated no differences in endurance times (Yassierli, 2007) and further yet others have 

demonstrated that sex differences in endurance between males and females may be 

dependent on the anatomical region being assessed (Albert, 2006).  In the study by Albert et al. 

(2006), they discovered that females had a greater endurance capacity in the knee extensors, 

however there was no difference found between males and females in the elbow flexors.  The 

mechanisms for these sex differences are largely unknown, but there are two widely proposed 

hypotheses; 1) differences in muscle mass; and 2) differences in activation pattern (Clark, 

2003).  The muscle mass hypothesis stems from a cascading assortment of issues that arise 

from males having greater muscle mass (Albert, 2006).  Greater muscle mass leads to greater 

absolute force production, which requires more oxygen but also impairs oxygen delivery 

through occlusion due to increased intramuscular pressure (Hicks, 2001; Clark, 2005; Clark, 

2003).  This occlusion not only limits oxygen delivery, but also leads to the accumulation of 

metabolites within the working muscles (Hunter, 2001; Clark, 2005) which leads to an 

increased rate of fatigue. 
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The fatigue state of the individual completing a lifting task affects the ability to 

complete the task whether it is general fatigue resulting from a prolonged lifting activity or 

local fatigue to the musculature of the shoulder or back often as a result of task constraints.  

The term “fatigue” is used to describe many different types of processes including motor 

deficits, perceived fatigue, a decline in mental function, a gradual decrease in the force 

capacity of muscle, endpoint of a sustained activity, changes in electromyographic activity or 

an exhaustion of contractile function (Enoka, 2008).  Kroemer (2006, Chapter 10 p.5) defined 

fatigue as “a state of reduced physical ability that can be restored by rest”.  The reduced 

physical ability can be in the form of a reduction in maximal force production (strength) or 

ability to sustain a contraction (endurance).  Using this definition of fatigue allows the use of 

maximal voluntary contraction (MVC) as an assessment criterion for neuromuscular fatigue by 

monitoring the loss of force production.  In addition to MVC, muscle fatigue has also been 

assessed by changes in frequency measures of electromyography (EMG) signals, the reduction 

in electrically evocable forces, changes in metabolic factors, and with ratings of perceived 

exertion (Albert, 2006). 

There is increasing evidence that fatigue within the sensory-motor system drives 

kinematic changes of the lifting strategy (Bonato, 2003).  During cyclic lifting, reduced sensory-

motor feedback can lead to reduced spinal stability by having a reduced ability to create forces 

of sufficient magnitude and having appropriate timing to provide the necessary stability 

(Bonato, 2003).  Momentary losses of stability may lead to injury as efforts are made to re-

establish stability of a joint.  Chen (2000) assessed the changes in lifting strategies after 

performing a fatiguing task to the participants’ arms. The arms were fatigued before repeating 

each lift by holding a five kilogram weight with both hands and arms at 90 degrees of flexion 

and elbows extended.  Fatigue was determined as the point when the participant was no 
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longer able to hold the weight at the designated position.  Participants were then directed to 

use a freestyle technique to lift a weighted box of different masses in order from 5 kg to 30 kg 

in 5 kg increments for both a floor to knuckle and floor to shoulder lift envelopes.  They found 

a change in peak vertical load acceleration and peak compressive force at L5/S1.  In addition, 

they found that the lifting strategy changes after arm fatigue, with the participants adopting a 

more stooped posture and more accelerated lift during the lift off which resulted in an increase 

in the compressive force at L5/S1 because of the increase in lift acceleration.  It was suggested 

that whole-body lifting be avoided after arm fatigue in order to reduce the risk of injury to the 

low back (Chen, 2000). 

Bonato et al. (2003) assessed changes in biomechanical lifting techniques due to 

localized muscle fatigue.  Participants were asked to perform three five second maximal static 

lifts followed by 4.5 minutes of cyclic lifting consisting of lifting a box from mid-shank height to 

hip height. Immediately following the lifting task participants then performed maximal static 

lifts at zero, 30 and 60 minutes after the lifting task, respectively. An additional isometric lift at 

80% MVC was performed 30 minutes post lifting trials.  The isometric lift was performed with 

the subject grasping the handles of the box at knee height.  EMG was collected bilaterally from 

paravertebral muscles at L5, L2, T10, the upper trapezius, gluteus maximus, vastus lateralis, 

and biceps femoris.  They found that the mean trunk and hip range of motion increased 

significantly by the end of the cyclic lifting task as well a shift to lower frequencies in the 

analysis of the lumbar paraspinal EMG which is indicative of muscular fatigue.  Using postural 

index to classify lifting technique, inter-individual differences were observed for the initial lift 

technique. As the participants fatigued the individuals who initially were using a stoop 

technique (i.e., bending of the trunk), gradually changed to a predominantly squat technique 

(i.e., bending of the knees), however, those who started with a squat technique maintained 
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that technique.  A limitation of this study is that the impact of fatigue of the upper extremity 

was not assessed with EMG (Bonato, 2003). 

1.3 Biomechanical dependent variables associated with the lifting task 

 
The right portion of figure 1.2 demonstrates each biomechanical variable and their 

individual links to the literature as a surrogate for injury risk or use as a measure for safety 

guidelines (Waters, 1993).  

1.3.1 Kinetics 

Excessive physical loading to the cartilage, tendons, ligaments and muscles among 

other structures can lead to injury.  Two predominant mechanisms of injuries in the workplace 

can be classified into those that occur by: 1. Acute trauma and 2. Cumulative trauma 

disorders/repetitive strain injuries (Kumar, 2001). 

Marras et al (2006) defined acute trauma as an application of force that is so large it 

exceeds the tolerance of the body structure during a task.  In a workplace setting, this could 

occur during a heavy lift where magnitude of the load surpasses the tissue tolerance of the 

given structure that is injured (Figure 1.3).  With these types of injuries, there is therefore often 

a single event that is related to the injury.  These types of injuries do occur in the workplace, 

however it has been suggested that peak load (maximum load) may not be the only issue in 

manual material handling, but that repetitive loading of a lesser load may have the same or 

greater detrimental effect on the body (Norman, 1998).   
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Figure 1.3 Tissue failure as a result of a specific incident (McGill (2002) Figure 1.1 page 12) 

 

Marras et al (2006) defined cumulative trauma as the repeated application of force to 

a structure that tends to wear down the structure’s tolerance to the point where the tolerance 

is exceeded (Figure 1.4).  Repetitive motions accounted for 5.4% of the allowed lost time from 

work cases in Ontario in 2008 with this figure believed to be an underestimation due to the 

reporting of some repetitive motion injuries as an overexertion injury (Workplace Safety and 

Insurance Board of Ontario, 2008).  In a workplace setting, exceeding a tissue tolerance tends 

to occur following cumulative exposure to a certain task.  There is compelling evidence that 

suggests that cumulative exposure to submaximal loads may have an adverse effect on worker 

safety, however we do not clearly understand the accommodations that these workers make 

to their techniques during prolonged activities that may lead to muscle fatigue.  The load, 

number of repetitions as well as the task all affects the cumulative exposure of a task to the 

tissues.  This has been well studied in the low back, however there have been a limited number 

Failure 
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of studies examining cumulative occupational shoulder exposure (McClellan, 2008; Seaman, 

2010).  In addition to this, there is currently a lack of understanding on how shoulder fatigue 

may affect the loading of the low back as well as the opposite situation of how the loading of 

the shoulder may be affected by low back fatigue. 

 

Figure 1.4 Tissue failure as a result of repetitive loading (McGill (2002) Figure 1.2 page 13) 

 

Research investigating cumulative loading as an occupational risk factor has been 

performed with the majority of the studies focusing on the risk of cumulative loading as a 

factor for low back pain.  Until recently there had not been a study examining cumulative 

occupational shoulder loads and even with these two studies (Seaman, 2010; McClellan, 2008), 

a clear understanding of the dose-response relationship has not been established.  McClellan 

was the first to publish research on cumulative occupational shoulder loads and concluded that 

there is great variability in cumulative shoulder loads between workers who complete the 

same task (McClellan, 2008).  The second publication from the same research group examined 

Failure 

Load 

Time 

Tolerance Level 

 



15 
 

if there were differences in cumulative shoulder loading values between groups of workers 

with and without shoulder pain (Seaman, 2010).  They found that there were differences in 

shoulder loading between the groups with the no pain group experiencing greater cumulative 

caudal shear than the pain group (Seaman, 2010).  

While cumulative loading is a known mechanism for injury, having a better 

understanding of how the body moves and adapts to a prolonged lifting task from a kinematic 

perspective may help identify and therefore prevent the underlying mechanisms leading to 

improper tissue loading.  

1.3.2 Kinematics 

  Effective organization of the multiple degrees of freedom present within the 

neuromuscular system has been proposed theoretically as a necessity for healthy functional 

movement patterns (Kurz, 2004).  It has also been suggested that the inability to synergistically 

orchestrate the many degrees of freedom present within the neuromuscular system is a 

hallmark of pathological movements (Kurz, 2004).  Traditionally, a variety of measures have 

been used to assess the dynamic organization of the neuromuscular system including joint 

kinematics, joint moments and electromyography which have provided scientific information 

that has advanced our understanding of the organization of the system for healthy and 

pathological movement patterns. 

The central principle of the Dynamic Systems Theory is that coordinated movement 

patterns result from the ability of the body to synergistically orchestrate the neuromuscular 

system despite the multiple degrees of freedom within the system (Kurz, 2004).  These include 

variations in morphological factors, biomechanical factors, environmental factors as well as 

task constraints.  This stresses that the generation of movement patterns is multifactorial and 
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that any movement involves the coupling of the multiple degrees of freedom within the system 

to achieve a functional outcome that meets the constraints of the system (Kurz, 2004).  In this 

regard, global changes in the task or even local perturbations within joint flexibility or 

proprioceptive system will have an effect of the movement pattern produced.  Using this 

theory could explain why two people with very similar anthropometrics may have different 

movement patterns and joint loading while performing the same work task as well as 

explaining why one person could produce the same movement with differing outcomes. 

Dynamic Systems Theory proposes that when the neuromuscular system is globally or 

locally perturbed, it will spontaneously return to a stable state or point of equilibrium once the 

perturbation subsides.  Kurz and Stergiou (2004) used phase plots to demonstrate the 

variations for the thigh, shank and foot segments angular displacement and velocity during 

subjects’ gait cycle.  This provides valuable information about the different segments, however, 

it does not explain how the segments are working in relation to the other.  Relative phase 

measures, however, allow for the assessment of the coordinated movement of two segments 

about a joint.  This can provide quantitative information on how the two segments move in 

relation to one another.  The relative phase relationship can therefore be used to identify 

coordination changes following an introduced perturbation, thereby providing insight into 

deficiencies in the neuromuscular organization and stability of the movement (Kurz, 2004).  A 

relative phase angle result of zero or approaching zero degrees suggests the two segments are 

in phase, with a result of 180 (or approaching 180) degrees suggesting the two segments are 

out of phase (Burgess-Limerick, 2001).  A positive relative phase value indicates that the distal 

segment is ahead of the proximal segment with the opposite being true of a negative relative 

phase.  The slope of the relative phase curve indicates which segment is moving faster with a 

positive slope indicating that the distal segment is moving faster, and a negative slope 
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indicating the proximal segment is moving faster.  Changes in the timing and number of local 

minimum and maximum values demonstrate changes in the effective coordination (Kurz, 

2004).     

Phase angles can be assessed to provide information on the control of the movement 

during a task with the variations in the dynamics of the segments demonstrating either an 

increase or decrease of the neuromuscular control.  The phase angle can then be used to 

calculate relative phase (Kurz, 2004).  Before being able to determine whether there are 

differences in lifting profiles based on kinematic changes, it is important to know if people have 

consistent lifting patterns over several days.  A study assessing the reproducibility of lifts using 

a load of 20 percent of the participants’ lifting capacity found no differences in the lifting 

patterns over multiple days in both men and women (Albert, 2008).  Burgess-limerick et al. 

(2001) used phase angles to find that a stoop lift could be described as a movement pattern 

where movement about the knee is reduced and the ankle is out of phase with the knee and 

hip joints.  It was found that the squat lifting technique could be described as in phase 

coordinated movement about the ankle, knee and hip joints (Burgess-Limerick, 2001).  

Scholz (1993) assessed the changes in coordination of lifting as the hand load 

increased.  Their primary variable was relative timing between two events- “the relative time 

of occurrence of a discrete movement event of one joint within the movement cycle of another 

joint”.  This technique can be used to assess coordinated movements over the duration of a 

prolonged lift, or used to assess for pre and post-fatigue lifts to determine if there is a relative 

change between different joints. 

There are many conditions that may impact lifting profiles including changes in the 

load, lift orientation as well as fatigue.  It is suggested that changes in coordination due to 
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muscle fatigue may increase the risk of injury (Sparto, 1997).  In addition to this, it has been 

observed that with fatigue, coordinative strategies will change to accomplish the task (Cote, 

2008; Fuller, 2009).  Specifically, the trunk motion may change to reduce the loading of the 

fatigued shoulder joint.  It is therefore important to understand the relationship between the 

coordination pattern changes and the fatigue state of the musculature controlling the task.   

1.3.3 Neural Control 

Electromyography (EMG) is the study of the electrical activity within a muscle.  Surface 

electromyography (sEMG) comprises the sum of the electrical contributions made by the active 

motor units as detected by electrodes placed on the skin overlying the muscle (Farina, 2004).  

This recording, however, does not provide information on the total activation of the muscle, 

only the activation of the motor units near the electrode.  Surface EMG is impacted by several 

factors including sensor placement, skin thickness, hydration, adipose layer depth, cleanliness 

of the skin and location of the muscle of interest in relation to other muscles.  Deep muscles, 

often stabilizing muscles, give some cross-talk and are not effectively measured using surface 

EMG.  Surface EMG techniques have played a major role in the understanding of muscle 

function when specific postures or movements take place (Bonato, 2003).  

In biomechanics, there are three applications which dominate the use of the surface 

EMG signal: its use as an indicator for the initiation of muscle activation, its relationship to the 

force produced by a muscle, and its use as an index of the fatigue processes occurring within a 

muscle (De Luca, 1997).  As an indicator of the initiation of the activity in the muscle, the signal 

can provide the timing sequence of one or more muscles performing a task (De Luca, 1997).  

An appealing aspect of the surface EMG signal is that when rectified and sufficiently smoothed, 

its amplitude is quantitatively related to the amount of force measured about a joint during 
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isometric conditions (Enoka, 2002; De Luca, 1997).  This should be performed with caution 

however as many factors can impact the muscle function thereby altering this relationship 

including muscle fatigue (Disselhorst-Klug, 2009).  The use of the EMG signal to provide a 

fatigue index has considerable appeal because it has been shown that the signal displays time 

dependent changes prior to any force modification, thus having the potential to predict the 

onset of contractile fatigue (De Luca, 1997). 

Analysis of EMG signals   

In the time domain, two parameters are commonly used to assess the recorded EMG 

signal: the root-mean-squared (RMS) value and the average rectified value.  Both are 

appropriate and provide useful measurements of the signal amplitude (De Luca, 1997; Enoka, 

2002).  For EMG signals detected during voluntarily elicited contractions, the RMS value may 

be more appropriate because it represents the signal power and thus has a clear physical 

meaning (De Luca, 1997).  In contrast, the average rectified value is a measure of the area 

under the signal and therefore does not have a specific physical meaning (De Luca, 1997). 

The recorded EMG signal may also be modified using a number of methods such as a 

fast Fourier or Cohen transform to change the signal from a time domain to a frequency 

domain.  This transform allows for the study of mean and median frequencies as well as area 

under the curve (power).  It has been widely documented that a shift towards decreased 

frequencies and increases in amplitude are characteristic of localized muscle fatigue and may 

be a result of increased motor unit activation or increased motor unit synchronization 

(Dimitrova, 2003; De Luca, 1997; Cifrek, 2009).  De Luca (1997) reported that median frequency 

is less sensitive to noise, signal aliasing and in most cases is more sensitive to the biochemical 

and physiological factors that occur within the muscles during sustained contractions.  Yassierli 
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et al. (2007) used mean and median frequency to study both static and dynamic fatigue and 

found both measures to be comparable in terms of sensitivity and variability.  Despite this, 

their findings supported the previous findings of Nussbaum (2001) where it was reported that 

mean frequency produced lower variability.   

Analysis of EMG signal in Isometric contractions 

Previous studies of muscle fatigue based on the surface myoelectric signal have 

primarily been limited to data collected during constant-force contractions sustained 

isometrically (Bonato, 2001) where the EMG signal may be assumed to be weakly stationary 

(Bonato, 2003).  The two factors having the greatest effect on signal stationarity are the 

stability of the electrode position with respect to the active muscle fibers and the stability of 

the motor unit activation pattern (De Luca, 1997).  Under constant force and isometric 

contractions the changes in these two variables are minimized.  A number of studies have 

utilized EMG signals to successfully assess for fatigue of the shoulder musculature during 

isometric contractions while performing shoulder abductions (Iridiastadi, 2006; Iridiastadi, 

2008; Yassierli, 2007).  Despite these studies examining shoulder abduction, there were no 

studies located that used EMG to examine for fatigue during isometric shoulder flexion.   

Although the analysis of the surface myoelectric signal detected during constant-force 

isometric contractions has been useful in a number of applications, testing which better 

represent “real-life” conditions, specifically those in which the muscle force and the position of 

body segments change during the testing, is necessary for extending its applicability in the 

clinical and ergonomic sciences (Bonato, 2001). 
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Analysis of EMG signal in dynamic contractions 

When the surface myoelectric signal is recorded under dynamic conditions, the 

assumption of stationarity does not hold because the frequency content of the signal 

continuously changes over time (Bonato, 2001).  Nonstationarities of the surface myoelectric 

signal can be classified as slow or fast. Slow nonstationarities are mostly due to the 

accumulation of metabolites that causes the electrical manifestations of muscle fatigue.  Fast 

nonstationarities are mainly related to the biomechanics of the task and include variations in 

muscle force as well as the movement of the body segments (Bonato, 2001).  Variations in the 

force being produced by a muscle cause a modification of the frequency content of the signal 

(Bonato, 2001; De Luca, 1997).  Movement of the body segments causes a relative 

displacement of the electrodes with respect to the underlying muscle fibres which may be 

sufficient to place a new set of active motor units within the detection volume of the electrode 

and to remove some of the motor units from the detection volume thereby affecting the 

frequency content of the myoelectric signal (Bonato, 2001; De Luca, 1997).  Due to these 

effects on the frequency content of the myoelectric signal under dynamic conditions, the study 

of these signals must be performed by methods that are appropriate for processing 

nonstationary signals (Bonato, 2001).    

There have been a number of different processing methods which have been 

employed successfully for the analysis of muscle fatigue using myoelectric signals under 

dynamic conditions (Bonato, 2003; Bonato, 2001; Bosch, 2009; Cote, 2008; Fuller, 2009; Gates, 

2008; Gates, 2010; Nussbaum, 2001; Yassierli, 2007).  When assessing EMG signals recorded 

under dynamic conditions, it has been determined that amplitude measures (RMS) were 
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associated with higher variability and lower sensitivity to fatigue than the spectral measures 

(Yassierli, 2007; Potvin, 1997; Crenshaw, 2000).  

Within the shoulder, there have been relatively fewer authors who have employed 

methods for the analysis of EMG under dynamic contractions.  Some of these studies have 

assessed the EMG signal during the dynamic contractions only (Cote, 2008; Gates, 2008; Gates, 

2010; Fuller, 2009), while others have used both static and dynamic EMG signals while 

performing a dynamic task (Bosch, 2009; Nussbaum, 2001; Yassierli, 2007).  The static EMG 

signals were able to be recorded during the dynamic task by performing static test contractions 

before, during and after the dynamic task which allows for the recording of stationary signals 

that are likely to be produced by the same pool of motor units in each measurement (Bosch, 

2009).  Test contractions also have their disadvantages as it cannot be ascertained that a test 

contraction is representative of the motor unit recruitment during the actual task (Bosch, 

2009). 

Despite these studies, one concern that has been raised is whether fatigue can be 

determined using conventional techniques (EMG) during prolonged dynamic contractions 

under low loads that are more realistic in the work force.  A recent review paper (de Looze, 

2009) concluded that there is evidence that objective measures of fatigue can be found using 

EMG during prolonged activities of an hour duration or longer that use loads that are less than 

20% of the MVC for the descending trapezius. 

Assessing muscular activation using EMG   

In addition to amplitude and spectral analysis of the EMG signal, the measured EMG 

signal can also be used to assess when a muscle is being activated and when it is at rest 
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(relative).  Because signal stability is not a consideration for this type of analysis, the challenges 

that are presented when assessing the EMG signal in the time and frequency domains under 

dynamic conditions do not apply to assessing muscle activation during dynamic tasks (De Luca, 

1997).  The use of EMG to determine muscle activation allows for the assessment of both the 

timing of muscular activation of various muscles as well as muscular co-activation used in 

completing a task.   

Several researchers have examined the timing of muscular activation during many 

tasks that involve different muscular regions of the body.  Muscle activation is an important 

consideration in a lifting task as it must be optimally timed and of sufficient magnitude in order 

to protect the vulnerable osteo-ligamentous structures from injury during a task (De Luca, 

1997).  The activation of a muscle can be determined by assessing when the EMG signal 

increases more than two standard deviations above its baseline for a period of greater than 50 

milliseconds (Fujiwara, 2011; Tomita, 2010; Shen, 2009; Konrad, 2005).  The importance of 

timing has been demonstrated in previous research where it has been determined that the 

transverse abdominis muscle is activated prior to the initiation of different upper limb 

movement tasks in healthy subjects, referred to as feedforward activation (Hodges, 1997a; 

Hodges, 1997b).  Later work demonstrated that the feedforward activation of transverse 

abdominus is consistently delayed in people with low back pain (Hodges, 2001).  When 

examining the shoulder, a recent review demonstrated that subacromial impingement 

syndrome can lead to alterations in muscle activity patterns of the shoulder complex (Chester, 

2010).  These examples demonstrate that pathology can lead to alterations in muscle activity 

yet, to the authors knowledge, there are currently no research studies that have investigated 

the effects of shoulder and back fatigue on the corresponding muscle activity patterns.  
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PURPOSE STATEMENT --- 

Research has been prolific on constrained lifting tasks which has provided a preliminary 

understanding of the neuromuscular and biomechanical requirements during various lifting 

tasks. In contrast to these studies, the tasks required in an occupational workplace setting are 

unconstrained in how the task is performed and there are many different ways that a task can 

be performed.  This study used an unconstrained lift to achieve a better understanding of the 

neuromuscular adaptations that occur during unconstrained lifting conditions.  There is 

currently a lack of information on the accommodations that occur in the shoulder and back 

musculature with fatigue.  This study examined the neuromuscular accommodations that occur 

in the back and shoulder during a prolonged lifting protocol as well as in protocols where the 

back is selectively fatigued and where the shoulder is selectively fatigued in an attempt to gain 

a better understanding of the accommodations that occur with fatigue. 

The primary goal of this study was to assess the changes in the neuromuscular activity 

of the shoulder and back as a result of different fatigue conditions (general, arm, back fatigue) 

during a symmetrical lifting task as well as to assess for differences in these changes between 

genders.   

Research Hypotheses: 

1.  It was hypothesized that modifications in neuromuscular activity will be directly affected by 

the muscles fatigued in each experimental protocol.  Specifically, that arm and back fatigue 

protocols would result in decreased muscle activity in the arm and back, respectively and an 

increase in recruitment of supporting musculature. 
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 2.  It was hypothesized that gender differences would exist in muscle fatigue patterns across 

the regional fatiguing protocols. 
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2.  METHODS 

2.1 Participants 

16 males and 16 females between the ages of 20-30 years were recruited to participate 

in this study.  The participants were screened for current shoulder and/or back complaints 

(discomfort, pain) as well as complaints within the previous year.  The participants’ age, sex, 

height, weight and anthropometric data were collected.  Ethics approval was received from the 

University of New Brunswick Research Ethics Board prior to commencement of the study.  

2.2 Data Collection 

2.2.1 Instrumentation 

2.2.1.1 FASTRAK 

 Kinematic data were collected using FASTRAK, an electromagnetic 3D motion tracking 

system (Polhemus Inc., Vermont, USA).  This system provides three-dimensional x,y,z 

coordinates as well as orientation (azimuth, elevation and roll) relative to the stationary source 

receptor.  The manufacturer of this equipment reports a static accuracy of 0.1cm position and 

0.15o orientation.  Six degree of freedom motion was investigated through calculations of 

displacement, velocity and acceleration.  Sensors were placed bilaterally on the center of 

gravity of the hand, forearm and upper arm.  Sensors were placed unilaterally on the right 

acromion and along the midline of the spine at the C7, T8, and the sacral levels (Appendix A).  

Sensors were secured using double-sided tape and custom fabricated elastic bands.  

Anatomical landmarks were digitized, using a Fastrak sensor probe, in relation to the sensors to 

satisfy ISB recommended standards (Appendix B).  This digitization allowed for the 

development of a segment embedded coordinate system where each joint angle was 

determined relative to the segment of interest.  
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2.2.1.2 Electromyography 

 The myoelectric signal was recorded using an eight-channel system (AMT-8, Bortec 

Biomedical Ltd., Calgary, Canada).  The surface electrodes sites were located by palpation and 

were subsequently shaved, cleansed, and lightly abraded to minimize impedance.  Bipolar 

surface electrodes (Duotrode silver silver-cloride electrodes, Myo-tronics, In., Kent, WA; inter-

electrode spacing = 21.0 ± 1mm) were placed unilaterally on the anterior deltoid (AD), 

posterior deltoid (PD), upper trapezius (UT), biceps brachii (long head) (BI), triceps brachii 

(lateral head) (TRI), latissimus dorsi (LD), erector spinae at the T8 (T8) and L5 (L5) levels.  The 

ground electrode was placed on the middle portion of the clavicle.  Electrode placement was 

based on established electrode placement sites (SENIAM) for six of the eight locations 

(Appendix C).  The Latissimus dorsi electrode placement site was selected based on Cram and 

Kasman (1998) (Appendix C) and the erector spinae at the level of T8 was selected to monitor 

erector spinae activity at thoracic level.  The myoelectric signal was collected at 1024 samples 

per second and the raw signal was band pass filtered from 20-500 Hz.  

2.2.1.3 Force Transducers 

Forces produced during maximum voluntary isometric efforts were measured by a 

force transducer attached to an anchor that is embedded in the laboratory floor.  The 500 lb 

force transducer (Precision Transducers, New South Wales, Australia) transmits to a 

Micronmeter signal conditioner (MicronMeter Co., Georgia, United States of America) which 

amplifies the signal from the load cell.  This information was relayed to a LabView program 

(National Instruments Corp., Texas, United States of America) during data collection. 

2.2.1.4 Electronic Triggers 

 The triggers were used to assess the beginning and end of the lift cycle by indicating 

the moment the box leaves the floor trigger as well as indicating the moment that the trigger 
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on the shelf was activated.  The triggers are standard push button switches and run through a 

voltage divider circuit which differentiates between the two switches.  The separate voltages 

provide a reference between the beginning and end of the lift in the collecting programs within 

Labview.  The triggers also allow for synchronization of the kinematic and electromyographic 

data. 

2.2.2 Procedures 

2.2.2.1 Lifting Task 

The lifting task used in the pre and post fatigue data collections as well as the general fatiguing 

protocol consisted of a symmetrical lifting task.  Participants were asked to lift a box weighing 

10% of the lift specific MVIE from floor to shoulder height at a rate of 6 lifts/minute which was 

guided by a metronome.  Shoulder height was relative and adjusted according to the height of 

the hands with the arms raised to 90 degrees of shoulder flexion, horizontal to the floor.  

Labview and Matlab (Mathworks Inc., Massachusetts, United States of America) programs 

were used in data collection and analysis.  The lifting motion from floor to shoulder height was 

identified by triggers placed on the floor and on the shelf.  Each trigger was identified by a 

separate voltage which allowed for accurate determination of the complete lift and 

synchronization of the different data.  
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Figure 2.1 Illustration of lifting setup for all lifts. 

2.2.2.2 Familiarization Session and Preliminary Testing/Assessment 

 Prior to the data collection sessions, participants were asked to visit the Laboratory for 

Occupational Biomechanics and Ergonomics Research to review the details of the study and 

discuss the different testing sessions.  At this time, participants were asked to review and sign 

the consent form.  Subjects were given the opportunity to ask questions and familiarize 

themselves with the equipment and procedures.  This allowed for clarification of the protocols 

and a more efficient setup at the time of testing/data collection.  During the familiarization 

session, anthropometrics were measured and recorded as part of preliminary assessment.  A 

lift specific maximal voluntary isometric effort (MVIE) was measured at this time (da Silva, 

2005; Dolan, 1995) as part of the preliminary testing to determine the box weight for the lifting 

task.  A handle was attached to the force transducer by a chain that was customized to reach 

the knee height of the participant.  The participants were then instructed to stand with their 

feet shoulder width apart and with the load cell centered between the feet, assume a semi-

crouched posture with a straight back, and pull upwards on the handle as hard as possible.  As 
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previously determined in pilot work, the box weight for the lifting task was 10% of the lifting 

MVIE. 

2.2.2.3 Testing Sessions 

 Each participant was required to participate in three separate testing sessions in 

addition to the familiarization and preliminary assessment session; one for each fatigued state: 

general, shoulder specific and back specific protocols.  A standardized protocol was performed 

at the beginning (pre-fatigue) and end (post-fatigue) of each session, with a different fatiguing 

procedure between the pre and post-fatigue assessments (Figure 2.2).  The 3 different 

protocols were randomized between subjects. 

 

Figure 2.2 Schematic of the experimental design setup. 

 

2.2.2.4 Pre-fatigue assessment 

 Prior to each of the 3 testing sessions, the participants underwent the same pre-fatigue 

assessment which will subsequently be explained.   

The participants first had the electromyographic sensors attached as previously 

described (Section 2.2.1.2).  The participants were then required to perform a minimum of two 

static shoulder and back MVIEs for 15 seconds with two minutes of rest between the MVIEs.  If 

the two MVIEs were not within 10% of each other, a third MVIE was performed.     

Pre-fatigue

General Fatigue 
Protocol

Shoulder Specific 
Fatigue  Protocol

Post-fatigue

Back Specific Fatigue 
Protocol
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The shoulder MVIEs were collected with the participants in a secured seated position, 

with the arms flexed forward in the sagittal plane until they form a right angle to the trunk, as 

determined using a goniometer placed at the joint center of the shoulder.  Subjects were asked 

to use both pronated hands to pull upward on the bar which was attached to a force 

transducer embedded in the floor.   

The back MVIEs were determined by performing a horizontal back extension with the 

participants secured in a prone position.  Subjects were asked to perform the back extension 

from a resting supported slightly flexed position.  A full torso harness was attached to the force 

transducer to measure the force resulting from the contraction.   

Upon completion of the MVIEs, the electromagnetic sensors were placed on the 

identified segments and landmarks digitized as previously discussed (Section 2.2.1.1).  At this 

time, subjects were required to perform a five second static hold, standing upright with the 

shoulders at 90 degrees of flexion, holding a 10 pound weight.  This was then followed by five 

minutes of baseline lifting collection at the rate of six lifts per minute from floor to shoulder 

height.  The box weight was determined as 10% of the lift specific MVIE, in accordance with 

previous pilot work conducted.  During this time data was collected for 30 second intervals at 

time zero, two and four minutes.  At this point subjects were asked to rate their perceived 

exertion on a 15 point Borg scale and then they performed the selected fatiguing protocol.  The 

order of fatiguing protocol selected for the session was randomized.  
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Figure 2.3 Outline of the pre-fatigue assessment process 

 

 

Figure 2.4 Demonstration of shoulder and back MVIE procedures: A) shoulder fatiguing 

protocol; B) low back fatiguing protocol 
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2.2.2.5 Fatiguing Protocols 

Participants performed the three different lifting protocols on separate days as briefly 

outlined in Figure 2.5.

 

Figure 2.5 Outline of the three different lifting protocols 

General fatiguing protocol  

The general fatiguing protocol was a direct continuation of the pre-fatigue assessment 

and required participants to continue lifting the box weighing 10% of the pre-determined lift 

capacity, as calculated from the lift specific MVIE, from floor to shoulder height at a rate of six 

lifts per minute until the participants were fatigued and could not continue or up to a 

maximum of 75 minutes.  Data was collected at five minute intervals for a duration of 0.5 

minutes.  

Shoulder specific fatiguing protocol 

The shoulder specific fatiguing protocol required participants to lift a weight, 40% of 

the shoulder MVIE as previously determined in pilot work, with both hands in a dynamic 

• Continuous lifting from floor to shoulder height

• Lift at a rate of 6 lifts/minute to fatigue or up to 75 
minutes

• Box weight to be lifted:10% lift specific MVIE

General lifting fatigue

• Isolated upper extremity dynamic lifting task from 
waist to shoulder height

• Lift at a rate of 30 lifts/minute to fatigue/ failure

• Weight to be lifted:40% shoulder MVIE

Shoulder specific

• Modified Biering Sorensen test

• Dynamic repetitive back extensions (10 second 
hold with 5 second rest) to fatigue/failure

Back specific
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motion, mimicking the lifting motion.  Subjects were required to lift from a constrained seated 

position, allowing for isolation of the upper extremities with minimal contribution by the spinal 

musculature.  The protocol consisted of lifting and lowering the weight from the lap to a target 

height set at 90 degrees of shoulder flexion.  Participants were asked to lift at a rate of 30 lifts 

per minute until they were unable to reach the target or two consecutive lifts were missed.  

The participants lift rate was guided by a metronome. 

Back specific fatiguing protocol 

The back specific fatiguing protocol involved a modification of the Biering-Sorensen 

test which has been used to assess isometric endurance of the back muscles (Biering-Sorensen, 

1984).  The test was modified in an attempt to avoid issues of blood occlusion/restriction to 

the working back extensors and to more closely approximate the fatigue effects of dynamic 

lifting.  Participants were required to perform back extensions with a ratio of 10 seconds of 

back extension to five seconds of rest, repeated to fatigue, when unable to complete the task. 

 2.2.2.6 Post-fatigue assessment 

 The post-fatigue assessment repeated the pre-fatigue assessment procedures in a 

different order.  Fatigued participants (all three protocols) were required to perform a final five 

minutes of the general lifting task.  Data was collected for 30 second intervals at zero, two and 

four minutes.  Immediately following this, participants were again asked to rate their perceived 

exertion on the Borg scale.  Participants were then required to perform the same five second 

static hold.  MVIEs were then taken for both the shoulder and back.  This concluded the testing 

period, sensors were removed and equipment shut down. 
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Figure 2.6 Outline of the post-fatigue assessment collection procedures 

2.3 Data Analysis 

2.3.1 Borg rating of perceived exertion 

The Borg Rating of Perceived Exertion (RPE) data collected during the pre and post 

fatigue assessments were analyzed both within the different fatiguing protocols as well as 

between the protocols.   

2.3.2 Maximal Voluntary Isometric Exertions 

Data from the shoulder flexion and back extension maximal voluntary isometric 

exertions were analyzed for the three protocols.  Within each protocol data were analyzed for 

changes in absolute force production (Newtons) as well as for changes in relative force 

production which was quantified as the percent change in the post fatigue MVIE relative to the 

pre fatigue MVIE. 
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General, Shoulder 
or Back specific 

(randomized)
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fatigued lifting

Rate of 6 
lifts/minute from 
floor to shoulder

5 second static box 
hold at 90 degrees 
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shoulder MVIE

&

back MVIE

Removal of 
electromagnetic and 
electromyography 

sensors
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2.3.3 Electromyographic analysis 

All myoelectric signal data was collected at 1024 samples per second and the raw 

signal was band pass filtered from 20-500 Hz.  Data collected during the pre and post fatigue 

protocol assessments were analyzed both within the different fatiguing protocols as well as 

between the protocols.   

Amplitude and frequency spectrum analysis were performed on the pre and post 

fatigue static holds with both RMS and median frequencies being used as indicators of fatigue 

onset.  In addition to examining the static data from the static holds, data from within the five 

minutes of pre and post fatigue assessments were analyzed.  All dynamic EMG analysis was 

performed on the lifting phase (floor to shelf) of the lift and not on the eccentric lowering of 

the box.  Within the five minutes of lifting in both the pre and post fatigue collections there 

were three collection periods of 30 seconds each.  Integrated EMG was examined during these 

lifts to assess for the total workload of the muscles during the lifting cycle and peak analysis 

was performed to assess for the level and timing of muscular activation during the lifting cycle.  

Integrated EMG, peak EMG and relative time to peak were all assessed for differences between 

the pre and post fatigue assessment periods.     

2.4 Statistical Analysis 

 

 Statistical analysis was performed on outcome measures from within each of the three 

fatigue protocols as well as between the three protocols for selected variables.  The changes 

within each protocol from the pre to post fatigue were analyzed using paired T-Tests.  When 

comparing parameters across the 3 different fatiguing protocols, independent samples T-Tests 

were used.  There is substantial debate within the statistician and applied research community 

on the use of type I error correction for multiple t-test assessments.  Since a multiple t-test 
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approach was used to assess across only three experimental protocols, a standard Bonferroni 

correction was used which divides the 0.05 alpha level by the number of t-tests (Tabachnick 

and Fidell, 2007).  As such the corresponding alpha level was set at 0.017 (0.05/3) for these 

comparisons.  This is considered a conservative approach for correction compared to the false 

discovery rate approach (Tabachnick and Fidell, 2007). For data presented that required a 

Bonferroni correction, the alpha level was indicated in either the test or corresponding table 

and figure captions.  For the remainder of the document, where a Bonferroni correction was 

not applied, the alpha level was set at 0.05. 
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3.  SIGNIFICANCE & IMPLICATIONS 
 

 This research provides insight into the effects of fatigue in different segments of the 

body on the changes in motion patterns while performing a lifting task.  The shoulder joint is 

an extremely complex joint in the body where injury mechanisms are not fully understood.  

This research may help to develop a deeper understanding of the compensations that occur in 

the shoulder and back when one or both become fatigued and will contribute to the overall 

understanding of lifting coordination patterns and the effects of fatigue.  This research may 

help in development of health and safety protocols designed to minimize injury and re-injury 

within the work force through a deeper understanding of how fatigue affects lifting. 
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4. RESULTS 

4.1 Anthropometrics 

 

 Descriptive information for the 32 healthy participants is listed in Table 4.1.  16 males 

(N= 16) and 16 females (N= 16) participated in the study.  The male group had a mean age of 

24 (±3.2) yrs, height of 177.9 (±9.1) cm and weight of 80.1 (±9.3) kg while the female group had 

a mean age of 23.6 (±2.4) yrs, height of 164.9 (±4.6) cm and weight of 64.5 (±7.8) kg.  The 

average box weight for males and females were 15.9 (±2.5) and 8.6 (±1.7) kg respectively.  
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Table 4.1  Subject anthropometrics: age, sex, height, weight and box weight  

 

 
Age Sex Height Weight Box 

Participant (yrs) (M/F) (cm) (kg) (kg) 

1 24 F 169 57.3 8.4 

2 22 F 171 74.5 11 

7 23 F 166 63 10.3 

8 22 F 163 53 8 

10 23 F 168 72 7.8 

13 25 F 166.3 59.5 8.3 

17 23 F 165 60.2 10.9 

18 23 F 160 63.4 5.7 

19 22 F 165 77.5 8.8 

20 31 F 160.9 73.6 10.5 

22 24 F 163 66.4 10.9 

24 24 F 174 63.1 6 

26 25 F 156 55.9 7.3 

27 24 F 168 71.6 7.5 

30 20 F 164 67.7 8.2 

32 22 F 158.8 53.2 7.9 

Mean  (F) 23.6  164.9 64.5 8.6 

SD (F) 2.4  4.6 7.8 1.7 

3 25 M 182 76.1 15.2 

4 28 M 174 78.6 15.6 

5 32 M 178 80 18.8 

6 26 M 180 75.5 16 

9 28 M 188 99.8 17.8 

11 25 M 176 81.4 11 

12 23 M 178.8 87.7 18.2 

14 22 M 162.5 71.1 13.5 

15 22 M 175 71.4 15.5 

16 25 M 184 72.2 16.3 

21 22 M 179.5 80.7 14.4 

23 22 M 179 84.1 22 

25 21 M 176 87.3 15.1 

28 22 M 198.5 86.4 13.7 

29 20 M 176.5 89.2 15.1 

31 21 M 158.5 60.1 16.9 

Mean (M) 24  177.9 80.1 15.9 

SD (M) 3.2  9.1 9.3 2.5 

Mean (G) 23.8  171.4 72.3 12.3 

SD (G) 2.8  9.7 11.6 4.3 
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4.2 Lift Time 

 

Lift times decreased across all three protocols with the general and shoulder protocols 

resulting in significant decreases of .133 (p=0.000) and .071 (p=0.008) seconds respectively.  No 

differences were found across the three protocols in the pre-fatigue state, however the 

general protocol resulted in a greater decrease in lift time when compared to that of the 

shoulder in the post-fatigue state (p=.011).   When assessing for gender differences across 

protocols, it was found that males decreased significantly more in the general protocol than 

the shoulder protocol (p=.006).  This difference in lift times between protocols was not 

observed for females. 

4.3 Fatigue 
 

The measures collected to assess for fatigue during the three different lifting protocols 

consisted of; (1) Borg scale (2) Maximal Voluntary Isometric Exertions and (3) 

Electromyography.  Each is discussed below. 

4.3.1 Borg Rating of Perceived Exertion  

 

The Borg Rating of Perceived Exertion (RPE) scale was the only subjective measure 

used to assess for fatigue throughout the three protocols.  A significant increase in perceived 

exertion was observed for all three fatiguing conditions (p<.001).  No significant gender 

differences in RPE were found for the three protocols. The average male RPE scores 

demonstrated increases from 9.2 (±1.9) to 15.5(±2.5) in the general protocol, 9.3(±2.1) to 

13.7(±2.5) in the shoulder protocol and 8.9(±2.3) to 12.3(±2.4) in the back protocol.  Average 

female RPE scores demonstrated increases from 8.7(±1.8) to 14.4(±1.8) in the general protocol, 

8.4(±1.8) to 13.6(±1.4) in the shoulder protocol and 8.5(±2.4) to 12.2(±1.5) in the back 
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protocol.  These data suggest that participants did perceive fatigue over the three protocols 

with the greatest increase in perceived exertion occurring in the general protocol with an 

average increase of 5.8(±2.7) points followed by the shoulder and back protocols with average 

increases of 4.9(±2.2) and 3.8(±1.8) respectively (Figure 4.1). 

 

 

Figure 4.1  Increases in RPE within the 3 lifting protocols demonstrating the greatest increase 

in perceived exertion occurring in the general protocol followed by the shoulder and back 

protocols  respectively. 

 

 When comparing between the three protocols, there were no significant differences in 

the pre-fatigue RPE scores between the general and back, general and shoulder or back and 

shoulder protocols.   When comparing the post-fatigue RPE scores across the three protocols, 

participants had significantly higher RPE scores in the general protocol than the shoulder 
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protocol (p<.001) and the shoulder protocol had significantly higher RPE scores than the back 

protocol (p=.005).  (Figure 4.2) 

 

Figure 4.2 Differences in the pre-fatigue and post-fatigue RPE scores between the 3 lifting 

protocols demonstrating a significantly greater post-fatigue RPE scores between the General 

and Shoulder (A) and Shoulder and Back (B) protocols respectively. [Note  = 0.017]   

 

4.3.2 Maximal Voluntary Isometric Exertions  

 

Maximum Voluntary Isometric Exertion (MVIE) decreases in the back and shoulder 

across the three protocols have been listed in Table 4.2. The MVIEs for both back extension as 

well as shoulder flexion decreased significantly in all three protocols (Table 4.2).  In the general 

protocol, the MVIEs decreased by 18% (p<.001) in the back extension and 14% (p<.001) in 

shoulder flexion (Figure 4.3).  Both the back and shoulder MVIEs decreased significantly in both 

the shoulder and back fatigue protocols.  In the shoulder fatigue protocol, the shoulder MVIE 
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decreased by 24% (p<.001) which was more than double the 11% (p=.003) decrease in back 

MVIE.  In the back fatigue protocol, the opposite trend was demonstrated where the back 

MVIE decrease in force of 17% (p<.001) was greater than the 10% (p<.001) decrease in force 

for the shoulder MVIE. 

Table 4.2   Pre-Post analysis of Maximum Voluntary Isometric Exertion (MVIE) mean forces 

(Newtons) for the back and shoulders for the three protocols. 

 
 

 
Back Shoulder 

Protocol Gender Pre Post P-value Pre Post P-value 

General F 437.0 367.8 .002* 120.1 105.8 <.001* 

 
M 620.4 472.7 .002* 225.8 189.3 <.001* 

Shoulder F 420.8 371.7 .010* 114.7 86.9 <.001* 

 
M 631.3 553.8 .044* 215.4 165.8 <.001* 

Back F 424.6 363.2 .006* 113.5 102.2 =.001* 

 
M 627.6 514.8 .005* 216.9 193.8 <.001* 
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Figure 4.3  The general protocol resulted in decreases of 18% in back extension and 14% in 

shoulder flexion MVIEs, respectively.  The shoulder fatiguing protocol resulted in decreases of 

11% in back extension and 24% in shoulder flexion MVIEs respectively.  The back fatiguing 

protocol resulted in decreases of 17% for back extension and 10% in shoulder flexion MVIEs 

respectively. 

 

 When analyzing for gender differences in (MVIE) force change, no gender differences 

were noted in the percent change from pre to post.   Gender differences were noted, however, 

when assessing the absolute change in force (Newtons) between the pre and post MVIEs 

within all 3 protocols in the shoulder but not the back MVIEs (table 4.3). 
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Upon further analysis of the back and shoulder MVIEs across the three lifting protocols, 

no significant pre-pre differences were found in males or females for either of the MVIE trials.   

Significant differences between the three protocols were noted in the shoulder MVIEs.  The 

post-fatigue shoulder MVIE was found to be significantly less in the shoulder protocol than the 

post-fatigue shoulder MVIEs for both the general and back fatigue protocols for both females 

(p=<.001) and (p=.001) respectively as well as for males (p=.002) and (p=.001) respectively.   

When examining the changes in back MVIEs across protocols, the general fatigue protocol 

resulted in significantly reduced post-fatigue MVIE compared to that of the shoulder protocol 

for males only (p=.007).  No other differences were noted across the three protocols for the 

back MVIEs. 

4.3.3 Electromyography  

 

 Both amplitude (RMS) and frequency (MPF) measures were used to assess the 

electromyography (EMG) signals for neuromuscular fatigue.  According to Luttmann et al. 

(2000) when muscles begin to fatigue motor units will begin to synchronize.  When this occurs 

fatigue is usually indicated by an increase in amplitude (RMS) and decrease in median power 

frequency (MPF).  Fatigue was indicated if RMS increased and MPF decreased (Figure 4.4).   
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Figure 4.4 Schematic representation of the method for the Joint Analysis of EMG Spectrum and 

Amplitude (JASA): Time-related changes in the Electrical Activity (EA) and the Median 

Frequency (MF) are considered jointly in order to differentiate between various EMG-change 

causations. (Luttmann et al. (2000), Figure 3). 

 
  

The changes in RMS and median frequencies across the three protocols have been 

combined in table 4.4 to demonstrate the trends towards increases or decreases as well as to 

note areas where significant changes were observed.  Only three examples of significant 

increases in RMS with concurrent significant decreases in median frequency can be observed.  

These occur for only the erector spinae (T8) musculature for both males and females during 

the shoulder protocol and females during the back protocol.  
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Table 4.4  Increases (+) and decreases (-) in RMS and MPF over the three protocols for both 

males and females.  Significant changes are noted with an asterisk (*).  Three cases of 

significant increases in RMS with concomitant decreases in MPF can be observed for T8 for 

males and females in the shoulder protocol and for females only in the back protocol. 

 
 

 
Male Female 

  
RMS MPF RMS MPF 

General AD - +* + +* 

 
UT + -* +* - 

 
T8 - + + - 

Shoulder AD +* + +* +* 

 
UT +* + +* - 

 
T8 +* -* +* -* 

Back AD + +* - +* 

 
UT +* + +* + 

 
T8 +* - +* -* 

 

Trends towards fatigue as indicated by an increase in RMS with a concomitant 

decrease in MPF as suggested by Luttmann et al. can be noted in all three protocols (Tables 4.4 

& 4.5) (Figures 4.5-4.13).  The amplitude and frequency data have been plotted for both male 

and female participants for the anterior deltoid, upper trapezius and erector spinae (T8) 

muscles for the three protocols in figures 4.5 through 4.13.  In the general protocol trends 

toward fatigue was indicated for the upper trapezius for both males and females (Figure 4.6) 

with the females also demonstrating fatigue at the T8 level (Figure 4.8).  In the shoulder 

protocol fatigue was indicated for the erector spinae (T8) for both males and females (Figure 

4.10) with the females also demonstrating fatigue in the upper trapezius (Figure 4.9).   In the 

back protocol fatigue was indicated for the erector spinae (T8) for both males and females 

(Figure 4.13).   
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Table 4.5  Increases (+) and decreases (-) in RMS and MPF over the three protocols for both 

males and females.  The highlighted selections depict areas demonstrating increases in RMS 

with concomitant decreases in MPF, suggesting neuromuscular fatigue.   

 

  
Male Female 

  
RMS MPF RMS MPF 

General AD - + + + 

 
UT + - + - 

 
T8 - + + - 

Shoulder AD + + + + 

 
UT + + + - 

 
T8 + - + - 

Back AD + + - + 

 
UT + + + + 

 
T8 + - + - 

 

    

 

Figure 4.5:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the anterior deltoid 

in the general protocol.  Outliers (+/- 2 SD) have been removed. 
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Figure 4.6:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the upper trapezius 

in the general protocol.  Outliers (+/- 2 SD) have been removed. 

 

 

Figure 4.7:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the erector spinae 

(T8) in the general protocol.  Outliers (+/- 2 SD) have been removed. 
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Figure 4.8:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the anterior deltoid 

in the shoulder protocol.  Outliers (+/- 2 SD) have been removed. 

 

 

Figure 4.9:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the upper trapezius 

in the shoulder protocol.  Outliers (+/- 2 SD) have been removed. 
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Figure 4.10:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the erector spinae 

(T8) in the shoulder protocol.  Outliers (+/- 2 SD) have been removed. 

 

 

Figure 4.11:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the anterior 

deltoid in the back protocol.  Outliers (+/- 2 SD) have been removed. 

 

-15

-10

-5

0

5

10

-20 0 20 40 60 80 100 120

Erector Spinae - T8 (Shoulder)

Female Male

-2

0

2

4

6

8

10

12

-40 -30 -20 -10 0 10 20 30 40

Anterior Deltoid (Back)

Female Male



54 
 

 

Figure 4.12:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the upper 

trapezius in the back protocol.  Outliers (+/- 2 SD) have been removed. 

 

 

Figure 4.13:  Pre-Post temporal changes in RMS (x-axis) and MPF (y-axis) for the erector spinae 

(T8) in the back protocol.  Outliers (+/- 2 SD) have been removed. 
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Integrated EMG.    

Significant decreases were observed for AD, PD, BI, TRI and T8 for the general protocol.  

In the shoulder protocol, a significant decrease was observed in the AD while a significant 

increase was seen for the PD.  Significant decreases were seen in the AD, PD, and UT in the 

back protocol with a significant increase in the L5 activity.  These significant changes can be 

seen in Table 4.6 and are noted with an asterisk (*). 

Table 4.6   Pre-Post analysis of the integrated EMG over the three protocols.  All Pre and Post 

values have been multiplied by a factor of 10,000. 

 

   
General 

  
Back 

  
Shoulder 

 

  

Pre Post p-value Pre Post p-value Pre Post p-value 

AD Mean 7.482 3.981 <.001* 9.562 8.259 .022* 8.981 7.393 .025* 

 
SD 4.387 3.009 

 
6.030 5.137 

 
4.546 4.373 

 PD Mean 7.189 5.632 .036* 6.956 6.171 .017* 6.574 8.698 .006* 

 
SD 6.004 4.821 

 
4.899 4.516 

 
4.644 6.863 

 UT Mean 15.581 13.781 .122 20.839 18.226 .006* 16.415 17.798 .170 

 
SD 10.348 10.668 

 
11.067 10.501 

 
6.911 8.283 

 BI Mean 24.626 15.998 <.001* 28.100 28.741 .580 24.060 22.031 .322 

 
SD 14.999 8.984 

 
19.375 21.478 

 
16.430 12.374 

 TRI Mean 7.368 5.944 .006* 9.172 8.811 .391 6.643 7.374 .237 

 
SD 4.355 3.667 

 
6.477 6.018 

 
3.996 4.193 

 T8 Mean 23.184 19.349 .028* 26.120 27.286 .125 25.038 26.651 .226 

 
SD 17.734 16.353 

 
18.140 18.269 

 
14.623 17.549 

 L5 Mean 16.315 17.110 .551 15.714 17.317 .028* 21.332 22.847 .061 

 
SD 9.696 10.630 

 
8.164 9.705 

 
12.662 15.536 

 LD Mean 7.949 6.335 .138 6.690 6.547 .777 6.230 7.961 .164 

 
SD 10.355 5.982 

 
4.128 3.468 

 
3.305 7.108 

  

When looking at differences between genders, significant differences occurred for 

biceps (p= .024) and T8 (p=.020) in the general protocol where the males decreased 

significantly more than the females.  In the shoulder protocol, there was a significant 

difference in the upper trapeziuzs (p=.044) where the males demonstrated and increase in 
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IEMG whereas the females IEMG decreased.  There were no significant differences in IEMG 

between genders in the back protocol. 

Peak.    

The general protocol resulted in significant decreases in the AD, UT, BI and T8 muscles 

and a significant increase in the erector spinae at the L5 level.  The shoulder protocol resulted 

in significant increases in the peak AD, UT and T8 EMG signals.  The back protocol resulted in 

significant decreases in 55the AD, PD and UT peaks and a significant increase in the T8 and L5 

peaks.  

Table 4.7   Pre-Post analysis of the peak RMS for the three protocols. 

 

  
General 

  
Back 

  
Shoulder 

 

  
Pre Post p-value Pre Post p-value Pre Post p-value 

AD Mean 0.5355 0.3809 <.001* 0.5819 0.5244 .002* 0.6151 0.6745 .011 

 
SD 0.2404 0.2160 

 
0.2791 0.2428 

 
0.2394 0.2897 

 PD Mean 0.2029 0.1842 .414 0.2018 0.1622 .023* 0.2034 0.2400 .050 

 
SD 0.1340 0.1094 

 
0.1385 0.0905 

 
0.1506 0.2126 

 UT Mean 0.5444 0.4758 .012* 0.6243 0.5761 .033* 0.6022 0.7301 .007 

 
SD 0.2695 0.2793 

 
0.2842 0.2526 

 
0.2536 0.3831 

 BI Mean 0.7753 0.5810 .005* 0.8871 0.8744 .579 0.7983 0.8096 .848 

 
SD 0.4495 0.3280 

 
0.5353 0.5165 

 
0.4640 0.4654 

 TRI Mean 0.2016 0.1847 .169 0.2242 0.2082 .171 0.1798 0.2073 .128 

 
SD 0.1387 0.1522 

 
0.1663 0.1459 

 
0.1136 0.1274 

 T8 Mean 0.5371 0.4431 .019* 0.5897 0.6214 .046* 0.5883 0.6564 .024 

 
SD 0.3844 0.3777 

 
0.3818 0.4017 

 
0.3398 0.3945 

 L5 Mean 0.3093 0.3697 .028* 0.2980 0.3430 .001* 0.4193 0.4520 .175 

 
SD 0.1712 0.2160 

 
0.1555 0.1815 

 
0.2408 0.3209 

 LD Mean 0.1600 0.1438 .352 0.1245 0.1284 .554 0.1258 0.1749 .052 

 
SD 0.1740 0.1335 

 
0.0741 0.0714 

 
0.0790 0.1592 

  
Significant gender differences occurred for the AD (p=.017) and T8 (p=.010) in the 

general protocol where the males peaks decreased more in the AD.  For T8 the females’ peak 

increased while the males peak decreased.  There were significant differences between 
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genders for L5 (p=.042) during the shoulder protocol where the peak for the females decreased 

while the peak for the males increased. No gender differences for peak EMG were found in the 

back protocol 

Relative time to peak (RTTP).    

The AD, UT, TRI, T8 and LD muscle activity all peaked significantly earlier as the general 

fatigue protocol progressed (Fig. 4.8).  Additionally, significantly earlier peaks were noted in 

the AD during the shoulder fatigue protocol. 

Table 4.8   Pre-Post analysis of the relative time to peak (% of lift) for the three protocols. 

 
 

 
General Back Shoulder 

  
Pre Post p-value Pre Post p-value Pre Post p-value 

AD Mean 78.51 75.68 .001* 79.22 77.92 .170 78.79 74.22 <.001* 

 
SD 3.32 3.99 

 
4.96 3.61 

 
3.15 5.64 

 PD Mean 28.84 22.77 .213 31.54 32.35 .743 37.86 36.68 .700 

 
SD 25.96 16.83 

 
22.61 24.42 

 
26.37 22.33 

 UT Mean 57.32 50.19 .011* 51.43 50.34 .634 57.24 52.82 .122 

 
SD 21.39 22.00 

 
23.86 21.35 

 
19.31 18.65 

 BI Mean 33.73 28.31 .194 31.66 30.43 .586 35.01 32.40 .323 

 
SD 17.73 12.64 

 
14.33 17.87 

 
19.08 14.30 

 TRI Mean 56.88 45.80 .012* 66.03 64.48 .574 63.91 60.83 .380 

 
SD 23.56 23.10 

 
21.75 24.48 

 
22.42 22.59 

 T8 Mean 41.26 33.45 .030* 41.77 38.27 .280 41.86 40.30 .674 

 
SD 24.58 21.02 

 
25.85 20.27 

 
23.00 21.68 

 L5 Mean 25.61 29.72 .389 25.99 26.10 .977 27.79 24.37 .334 

 
SD 20.10 24.69 

 
21.49 19.15 

 
20.40 20.39 

 LD Mean 52.96 41.96 .015* 45.73 46.34 .884 54.51 50.85 .348 

 
SD 28.79 24.13 

 
24.81 22.30 

 
20.20 22.50 

  
Significant gender differences where noted in the L5 (p=.010) RTTP during the shoulder 

protocol where the females RTTP happened much earlier when fatigued and the males RTTP 

occurred later in the lift after shoulder fatigue.  No gender differences in RTTP were found in 

either the general or back protocols. 
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5.0 Discussion 
 

This study examined three different symmetrical lifting protocols for fatigue-related 

changes in 16 male and 16 female participants aged 20-40.  These protocols form a part of a 

larger NSERC project examining several variables as previously outlined in Figure 1.2, and the 

findings of this thesis will be compared to other research findings from our Occupational 

Performance Laboratory.  Companion research projects collected and analyzed kinetic and 

kinematic components related to this data collection.  As well, studies were conducted 

examining symmetrical lifting in participants aged 40-60 and asymmetrical lifting of male and 

female participants aged 20-40.   

Muscle fatigue, defined as a transient decrease in the capacity to perform physical 

actions (Enoka and Duchateau, 2008), has important implications for work-related 

musculoskeletal disorder risks (Qin, 2014).  Fatigue is a concern while lifting as it may result in a 

less efficient lifting technique, thereby, increasing the risk of injury (Gandevia, 2001).  In 

manual materials handling work, the fatigue related changes in lifting technique have been a 

key focus due to the perceived injury risk of fatigued muscles being less capable of reacting to 

any perturbations that may occur during a lift (Albert, 2006).   

In previous studies assessing for muscle fatigue, the majority of the protocols used to 

fatigue muscles have been performed at higher intensity levels or at maximal capacity and are 

often performed isometrically.  Given that many occupational tasks are characterised by 

muscle contraction at low to moderate effort levels, a better understanding of the changes 

that occur at lower intensities are warranted.   Although the exact mechanisms and dose-

response relationship in low-intensity tasks are not well understood, muscle fatigue when 

measured during work could be a relevant biomarker for cumulative exposure at work 
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(Dennerlein et al., 2003), which may serve as a surrogate indicator of risk (Nussbaum, 2001).  

As a result of this, more recent studies have been performed to assess for fatigue during low to 

moderate intensity tasks that may better represent the occupational demands. (Qin, 2014; 

Bosch et al., 2007; Bosch et al., 2009)   Many of these studies have successfully demonstrated 

muscular fatigue during these prolonged low intensity tasks, however, these studies have 

focused on examining for fatigue at low intensity tasks that mimic light assembly tasks (Qin, 

2014; Bosch, 2007; Bosch 2009) or low intensity isometric holds (Jorgensen et al., 1988; 

Madeleine et al., 2002) which varies greatly from the demands experienced during a lifting 

task.   

 Previous research on muscle fatigue while lifting has been limited, however, literature 

suggests that as participants fatigue as a result of a prolonged repetitive lifting task, the loading 

pattern on the spine changes and influences the muscle recruitment patterns (Marras, 2006).  

Additionally, it has been demonstrated that when in a state of fatigue, the erector spinae 

musculature in the back may not be able to provide sufficient stabilization to the vertebral 

units, transferring load-sharing to passive structures earlier in trunk flexion (Descarreux, 2008).  

Despite these changes in the spine, currently there is a lack of understanding of the changes 

that occur in the upper extremity musculature with lifting. 

Fatigue was a significant finding in all three lifting protocols performed in this research 

study.  The participants demonstrated significant increases in perceived fatigue as measured 

through their BPE scores in all protocols.  The participants perceived that the general fatigue 

protocol was significantly more difficult than the shoulder protocol as was anticipated due to 

the length of the protocol.  They also experienced that the shoulder protocol was significantly 

more difficult than the back protocol, which was also expected given the strength differences 
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between the musculature required to perform the task.  These findings may be relevant for 

lifting tasks leading to fatigue given that literature has suggested that back pain appears 

significantly more frequent in individuals who believed their work to be hard (Davis et al., 

2002; Dehlin et al., 1976; Marras et al., 2000).  

Fatigue was also demonstrated in the maximal voluntary isometric exertions (MVIEs) 

with significant decreases found in all three lifting protocols.  Fatigue was found in both the 

back and shoulders in the general protocol as anticipated.  When compared to the other 

protocols, the general protocol resulted in greater shoulder fatigue than in the back protocol 

and greater back fatigue than in the shoulder protocol due to the prolonged nature of the 

protocol.   The shoulder protocol resulted in a decrease in shoulder MVIE that was more than 

double the decrease in the back protocol and more than in the general protocol while the back 

protocol resulted in greater fatigue in back than the shoulder protocol.   One possible reason 

for the decline, especially in the general protocol could be due to a decline in voluntary 

activation.  Previous studies suggest that some of the fatigue experienced during repetitive 

maximal contractions and long-duration submaximal contractions can be caused by inadequate 

activation of the muscle by the nervous system (Enoka and Duchateau, 2008) 

Myoelectric manifestations of muscle fatigue include an increase of electromyographic 

(EMG) amplitude and a decrease of its power spectral frequencies (Basmajian and De Luca, 

1985).  Consistent changes in traditional EMG measures, including root mean square (RMS), 

the median and mean power frequencies have been documented, especially for relatively high 

effort levels and under isometric conditions (Yassierli, 2008).  One concern that has been raised 

is whether fatigue can be determined using these traditional EMG measures during prolonged 

dynamic contractions under low loads that are more realistic in the work force.  Previous 
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studies have been successful in demonstrating fatigue in low intensity prolonged activities 

through these increases in amplitude and decreases in spectral frequencies.  Some of these 

studies have assessed the EMG signal only during the dynamic contractions (Cote, 2008; Gates, 

2008; Fuller, 2009; Gates, 2010), while others have used both static and dynamic EMG signals 

while performing a dynamic task (Nussbaum, 2001; Yassierli, 2007; Bosch, 2009).  A recent 

review paper (de Looze, 2009) concluded that there is evidence that objective measures of 

fatigue can be found using EMG during prolonged activities of an hour duration or longer that 

use loads that are less than 20% of the MVC for the descending trapezius. 

When assessing the EMG results in the three fatiguing protocols, few clear patterns 

demonstrating increases in amplitude and decreases in frequencies were noted in this study.  

Only the thoracic erector spinae (T8) demonstrated significant increases in amplitude and 

significant decreases in the median frequencies during the shoulder protocol for both males 

and females and for the females only in the back protocol.  It is unclear exactly why 

electromyographic manifestations of fatigue were not observed in the anterior deltoids despite 

the significant decreases in shoulder flexion MVIEs.  There are several potential explanations 

why increases in amplitude and decreases in frequency were not observed in the isometric 

contractions over the three protocols.  During these contractions, participants were asked to 

isometrically hold a 10lb weight as a test contraction.  It is possible that because this is a sub 

maximal task, musculature other than the prime movers for shoulder flexion were able to 

compensate for the anterior portion of the deltoids.  Another possible explanation for the 

observed changes could be explained by a change in the type of fibres being recruited by the 

musculature for this task.  
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Assessing the results of the amplitude variables during the dynamic lifting portion of 

the protocols resulted in similar findings where few clear patterns indicating fatigue were 

noted. There are several explanations that may elucidate as to why we did not detect fatigue 

from the EMG data despite having clear findings of fatigue from the MVIE and Borg data.  

Perhaps the lack of a consistent pattern of change is indicative of the variability between 

individuals in the way they choose to accomplish the task or the vast number of recruitment 

strategies and the redundancy in musculature that can be used to perform the lifting task.  

These changes may result in active adjustments in the muscles recruited during the dynamic 

loading to combat muscle fatigue.  Potvin (1993) studied EMG during a dynamic lifting task and 

also found no change in activation of the thoracic or lumbar musculature.  

Another consideration for the lack of consistent neuromuscular findings can result 

from the fact that during a dynamic task, the total range of motion about a joint will determine 

the motor units being sampled.  Additionally movement velocity during a repetition cycle will 

change acceleration and braking which will change motor unit recruitment over time and can 

alter the EMG measured.  Previous research has demonstrated that subjects lifted using 

different techniques which either placed higher demands on their legs with little flexion of 

their spine or also techniques that used substantial spine flexion during their lifts (Potvin, 

1993).  Without having a better understanding of the kinematic changes ongoing, it cannot be 

determined if these changes are taking place and makes it more difficult to fully interpret the 

EMG results.   

A final explanation may lie in the ability of amplitude measures to successfully identify 

fatigue in musculature during dynamic tasks, particularly sub maximal tasks.  When assessing 

EMG signals recorded under dynamic conditions, it has previously been determined that 
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amplitude measures (RMS) were associated with higher variability and lower sensitivity to 

fatigue than the spectral measures (Yassierli, 2007; Potvin, 1997; Crenshaw, 2000).  

Additionally, Yassierli (2008) reported that RMS was found to be inferior to other parameters 

such as frequency measures at detecting fatigue and stated that RMS demonstrated 

inconsistent performance as a fatigue index at low level contractions.      

Despite the challenges in detecting fatigue using EMG amplitude measures, the peaks 

in the amplitude were able to identify changes in the timing of muscular activity.  When 

assessing the relative time to peak results, it was found that during the general protocol 

several muscles peaked significantly earlier in the lift including anterior deltoid, upper 

trapezius, triceps, thoracic erector spinae and latissimus dorsi.  Anterior Deltoid also peaked 

significantly earlier in the shoulder fatigue protocol.  The importance of timing of muscular 

contraction has been demonstrated in previous research where it has been determined that 

the transverse abdominis muscle is activated prior to the initiation of different upper limb 

movement tasks in healthy subjects, referred to as feedforward activation (Hodges, 1997a; 

Hodges, 1997b).  The earlier peaks found in this study may demonstrate a strategy to increase 

stability of the spine and shoulder with fatigue.  

In addition to the changes observed in the relative time to peak, the total lift time was 

also found to change in the lifting protocols.   In the general protocol, the participants 

accomplished the lift 9% (.133 seconds out of an average of 1.46 seconds (p<0.0001)) faster at 

the end of the trial compared to the start.  The shoulder protocol also resulted in a significantly 

shorter lift time (.071 seconds p=0.008) while no significant decrease was noted in the back 

protocol.   Given that the lift task was set and guided by a metronome these changes may 

represent an accommodation strategy to accomplish the task more quickly to allow for more 
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rest in between cycles.  Given that the shoulder and back protocols resulted in the greatest 

fatigue in the shoulder flexors as determined by decreases in shoulder MVIE, the significant 

decrease in lift times in these two protocols may also demonstrate a strategy to accomplish the 

lift quicker when the shoulders are fatigued. 

  Gender differences in fatigue development have more recently become a focus in 

occupational settings.  Female adults have been reported to have higher risk of work-related 

upper extremity disorders than men (De Zwart, Frings-Dressen, and Kilbom 2001; Silverstein et 

al. 2009).  Previous studies have found that women are usually able to sustain a contraction for 

longer duration, especially at lower contraction intensities (Hicks et al. 2001; Clark et al. 2005; 

Hunter et al. 2006) but not maximal contractions (Baudry et al. 2007).  The most common 

explanation for this sex difference is due to the differences in muscle mass.  As men are 

typically stronger than women, they must activate a larger muscle mass to exert the same 

relative force (%max) and can result in larger intramuscular pressures and a greater occlusion 

of blood flow (de Ruiter et al. 2007).  When matched for strength about the elbow, Hunter et 

al. (2004a) found no differences in the duration the task could be sustained between men and 

women and also no difference in the decline in MVC at the end.  They also found no 

differences in rates of increase for amplitude of surface EMG or rating of perceived exertion.  

Despite this, women have been found to have reduced fatigability when completing 

intermittent contractions compared to men matched for elbow torque (Hunter et al 2004b).  

They found that the rate of decline in MVC torque was greater for the men.  Few clear gender 

differences were found in this study.  When assessing the changes in MVIE, the men 

demonstrated significantly larger drops in shoulder MVIE.  When examining the changes as a 

percentage decrease relative to the starting MVIE, it was determined that both men and 

women had similar percent decreases during all 3 protocols.  These results appear to indicate 
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that both men and women appear to accommodate similarly when they are lifting weight 

based on their lifting capacity, not an absolute weight. 

5.2 Limitations 

This research study was limited to the assessment of healthy participants with no 

history of shoulder or back injuries in the prior 2 years and also between the ages of 20-40 

years old.  This study was conducted in a university setting and the average age of the 

participants was biased towards the minimum age with average age being 24 (23.8 +/- 2.8) 

years of age.  A further limitation was the use of the eight channel Bortec system to record 

EMG which limited the number of muscles that could be monitored during the lifting protocols.  

Because of this, we were limited to recording unilaterally on the right side with the assumption 

the participants would lift symmetrically and only on a selected number of muscles we 

postulated would be most affected.  Other musculature that may have importance during a 

lifting task that could not be monitored include those controlling scapular motion, others 

affecting glenohumeral motion as well as musculature from the core and lower limbs.  Perfuse 

sweating may have altered some of the EMG readings particularly in the general protocol.  

Many participants displayed a sufficient amount of sweat which has been shown to reduce the 

amplitude of EMG signals (Abdoli-Eramaki et al., 2012).  The EMG data assessed in this study is 

standalone EMG and it is not yet known how the kinematics were affected in the protocols.   

5.3 Future directions 

This research is one part of a larger NSERC project.  The findings of this thesis will be 

compared to other parts of this research including the kinematic and kinetic components of 

this project as well as to other research findings from studies examining symmetrical lifting in 

participants aged 40-60 as well as asymmetrical lifting.  Future research should also compare 
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for differences between experienced and non-experienced lifters.  Analogous to previous 

research, muscle fatigue parameters were only measured at baseline and at the end of the 

fatigue protocols.  The temporal patterns of muscle fatigue development may also be of 

interest and will be examined in the general fatigue protocol over the entire length of the 

protocol.  In this study EMG amplitudes were studied during the dynamic lifts.  Frequency 

analysis should be performed to provide a more robust examination for fatigue during the 

dynamic lifting.  Further analysis should also further evaluate muscular coordination by 

assessing muscle onset timing as well as muscular co-contraction.  Another possibility to 

examine for changes in coordination could involve a PCA approach to assessing the 

neuromuscular data.  This study examined only the lift portion of the task consequently the 

lower portion should also be examined for changes.   Another important aspect for future 

study from this research would assess for kinematic and neuromuscular changes in the pelvis 

and lower limbs.  One final possibility would be to examine for differences in lifting between a 

healthy group as well as a clinical group with a history of low back pain. 

5.4 Conclusions  

 

 This research examined for neuromuscular adaptations to fatigue over the course of a 

prolonged lifting task as well as lifting tasks where the shoulders and back were selectively 

fatigued.   Despite clear findings of perceived fatigue and objective fatigue in all three 

protocols, no clear patterns of adaptation within or across the protocols were found when 

assessing the electromyographic measures used in this study.  This may be indicative of the 

numerous techniques in which we can use to accomplish the tasks and the redundancy in the 

neuromuscular strategies that can be used to complete the lifting task despite being fatigued.  
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It appears that women and men tend to accommodate similarly when the weight of the lifting 

task is guided by the participants lifting ability. 

Key Findings:  

1. Perceived fatigue was evident for both male and female participants in all 3 protocols. 

 The prolonged general lifting protocol was perceived as being significantly more 

difficult than the shoulder 

 The shoulder protocol was perceived as being more significantly more difficult than 

the back protocol 

2. Objectively fatigue was evident for both male and female participants by means of 

significant reductions in MVIE forces in all 3 protocols. 

 The general protocol resulted in relatively higher reductions in both the shoulders 

and back. 

 The shoulder protocol resulted in greater shoulder fatigue than the back and the 

back protocol resulted in greater back fatigue than the shoulder demonstrating the 

protocols were successful in achieving localised fatigue. 

 Males demonstrated a significantly greater drop in shoulder MVIE force compared 

to females, however, when the amount of force reduction was quantified relative 

to the initial lifting capacity, no difference was found between the genders. 

3. Male and female participants appear to accommodate similarly to a symmetrical lifting 

task when the load being lifted is guided by the abilities of the participants. 
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Appendix A: Electromagnetic Sensor Placements  
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Appendix B:  Digitization Points 
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Appendix C: Electrode Placements  
(Retrieved from Seniam.org and Cram & Kasman 1998) 

 

Upper Trapezius: Placed halfway from the acromion to the 
spine on vertebra C7, in the direction of the line. 

 

 

 

 

 

 

 

Anterior Deltoid: The electrodes need to be placed at one 
finger width distal and anterior to the acromion, in the 
direction of the line. 

 

 

 

 

 

 

 

Posterior Deltoid: Electrodes need to be placed two 
fingerbreadths behind the angle of the acromion in the 
direction of the line between the acromion to the little 
finger. 
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Biceps Brachii: Electrodes need to be placed on the line 
between the medial acromion and the fossa cubit at 1/3 
from the fossa cubit, in the direction of the line. 

 

 

 

 

 

 

Triceps Brachii (Lateral Head): Electrodes need to be placed 
at 50 % on the line between the posterior crista of the 
acromion and the olecranon at 2 finger widths lateral to the 
line, in the direction of the line. 

 

 

 

 

 

 

Erector Spinae T8: The electrodes need to be placed at 2 
finger width lateral from the spinous process of T8, in a 
vertical orientation. 

 

 

 

 

 

 



85 
 

 

 

Multifidus: Electrodes need to be placed on and aligned with 
a line from caudal tip posterior spina iliaca superior to the 
interspace between L1 and L2 interspace at the level of L5 
spinous process (i.e. about 2 - 3 cm from the midline), in the 
direction of the line. 

 

 

 

 

Latissimus dorsi: Electrodes need to be placed 6cm below the 
inferior angle of the scapula along the fiber orientation of the 
muscle. 
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