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General discussion  
In the general introduction, it was stated that occupational work often involves 

prolonged sustained low-force repetitive activities and a number of recent trends 

may further increase the prevalence of this type of work. Although force levels are 

relatively low, muscle fatigue or physiological signs of localized muscle fatigue may 

develop during low-intensity work. Localized muscle fatigue in the trapezius muscle 

may be a precursor of work-related upper extremity disorders and may reduce 

performance of employees. Localized muscle fatigue is usually defined as an 

exercise-induced decline in the maximal force or power capacity of the muscle 

(Bigland-Ritchie and Woods 1984). However, during low-force activities a reduction in 

force generating capacity does not necessarily occur while physiological changes 

affecting the capacity of the muscle do (e.g. Moussavi et al. 1989). To evaluate 

muscle fatigue electromyographic (EMG) indicators of fatigue are commonly used, 

i.e. a compression of the power spectrum towards lower frequencies accompanied by 

an increase in amplitude of the EMG signal (De Luca 1984, Basmajian and De Luca 

1985). 

 

The main objective of this thesis was, therefore, to determine how EMG 

manifestations of muscle fatigue and perceived fatigue develop during prolonged low-

intensity occupational work. Furthermore, the relation between EMG indicators of 

muscle fatigue and perceived fatigue and the relation between manifestations of 

fatigue, performance and upper extremity kinematics were investigated. 

In this section, after a short overview and discussion of the most prominent results, 

the final conclusions with regard to the aims are made and recommendations for 

future research are presented.  

 

EMG manifestations of muscle fatigue development during low-force work 
In chapter 2 indicators of trapezius muscle fatigue were recorded over the course of 

8 and 9.5-hours working days during low-force activities in two different 

manufacturing companies. Furthermore, locally perceived discomfort in the neck and 

shoulder region was rated.  EMG indications of muscle fatigue were found in both 

companies in the first part of the shift. The EMG amplitude increased significantly, 

while a detailed analysis of the EMG frequency spectrum indicated shifts towards 

lower frequencies. Whereas EMG manifestations of fatigue were found in the first 

part of the shift, no significant changes were present during the lunch break or last 

part of the shift. The EMG manifestations of fatigue were more obvious in the 
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company with higher intensities of work and large inter-individual differences were 

found. Ratings of perceived discomfort increased throughout the entire working day 

without significant recovery during the lunch break. The results presented in chapter 

2 showed signs of fatigue. However, no significant correlation was found between 

objective and subjective manifestations of muscle fatigue.  

To compare the results of this study to earlier reports, a literature review was 

performed and described in chapter 3. We retrieved 13 studies on objective 

measures of fatigue (including the study described in chapter 2). The studies included 

in the review investigated realistic low-force work tasks with a duration of more than 

1 hour and an intensity level of less than 20%MVC for the mean or median trapezius 

activation level. Five studies analyzed fatigue development in the neck and shoulder 

region in an occupational site while eight studies were performed in a laboratory 

setting. All studies presented in the overview described in chapter 3, used surface-

EMG to detect fatigue related changes in the upper trapezius muscle. EMG 

manifestations of fatigue, i.e. an increase in EMG amplitude accompanied by a 

decline of the MPF, were found in no more than 6 out of 13 studies.  

From the review in chapter 3, load intensity appears to be a main factor 

differentiating studies detecting fatigue manifestations and studies that did not. 

Therefore, the effect of two 3-hours low-intensity occupational tasks (8 and 12%MVC) 

on the development of fatigue manifestations was investigated in chapter 4. Fatigue 

manifestations of the trapezius muscle were obtained from standardized EMG test 

contractions and EMG recordings during the task itself. Fatigue plots showed a 

combination of an EMG amplitude increase and a MPF decrease for most of the 

participants. The MPF showed a significant decrease over time at both intensities, 

while the highest intensity showed the largest reduction. On a group level no 

significant increase in EMG amplitude was found. These results confirmed the 

suggestion that large individual differences in EMG manifestations of fatigue exist. 

These individual differences may originate from different kinematic adjustment 

strategies during work. To verify whether participants would change their upper 

extremity posture or movements in relation to fatigue development, the upper 

extremity kinematics were recorded in chapter 5. Furthermore, changes in timing 

strategy, initial timing strategy and several EMG variables were studied as indicators 

of individual strategies to counteract fatigue in chapter 6.  

In chapter 5, no EMG manifestations of fatigue were found during 2-hours simulated 

pick and place activities at two different work paces. However, perceived fatigue in 

the neck and shoulder region increased at both paces. Smooth and abrupt shifts of 

the shoulder posture and substantial cycle-to-cycle variability in wrist trajectory 
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were demonstrated by participants during both work paces. These changes might 

have an alleviating effect on fatigue development.  

In contrast to the results in chapter 5, clear manifestations of trapezius muscle 

fatigue were demonstrated during short-cycle reaching of the upper arm in chapter 

6. In this experiment 7-minutes work bouts were followed by 3 minutes of rest for the 

total duration of 1 hour. An EMG amplitude increase was accompanied by a decline of 

the MPF during the work bouts. Over the entire 1-hour task, a cumulative increase in 

EMG amplitude was observed, but no significant decline was found for the MPF. The 

significant decline of the MPF during the active periods of work was counteracted by 

a fast recovery of the MPF during the imposed rest breaks. Perceived fatigue 

increased in the active work bouts. Recovery of perceived fatigue was shown by the 

participants during the breaks, but could not prevent a cumulative effect after 1 

hour. Participants showed a change in timing strategy during the work bout and after 

1 hour of work but this could not prevent the development of fatigue. However, 

participants with on average longer rest times showed a lower rate of perceived 

fatigue development. Other possible factors explaining individual differences in 

fatigue development like the initial EMG amplitude level, EMG amplitude variability 

and the ability to ‘relax’ the trapezius muscle were not correlated to the rate of 

fatigue development.  

 

In conclusion, the results on EMG indicators of fatigue development in this thesis are 

variable. Chapters 2 and 6 showed an EMG amplitude increase accompanied by a 

decrease in the MPF whereas chapter 4 showed only a significant decline of the MPF. 

The results presented in chapter 5 did not show any significant EMG changes on a 

group level. The review of occupational fatigue studies presented in chapter 3 

confirmed these variable results.  

This thesis contributes to various explanations for these inconsistent results. First of 

all, most research efforts have focused on strictly controlled contractions. The 

relatively less constrained occupational activities at low intensities included in this 

thesis, might stimulate a higher level of motor variability, i.e. variability in 

kinematics, load sharing between synergistic muscles and shifts in activity between 

different compartments of the muscles. A high degree of motor variability might have 

a preventive effect on actual muscle fatigue development (McLean et al. 2001). 

Especially work with low-force requirements enables the opportunity for motor 

variation. As shown in chapters 3 and 4 load intensity seems to affect fatigue 

development. The tasks included in this thesis could, except from the task in chapter 

6, be characterized as low-force activities. Earlier studies investigating muscle 
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fatigue during high force contractions showed clear EMG manifestations of fatigue. 

However, at lower intensities, active motor units, while fatigued, may still able to 

sustain the required low forces, hence requiring no or minimal recruitment of 

additional motor units and thus no increase in EMG amplitude.  

Furthermore, occupational work is in general characterized by the occurrence of 

incidental breaks or short periods of lowered activity. As demonstrated in chapter 6, 

short breaks support quick recovery of fatigue manifestations and might therefore 

mask the actual state of the studied muscles.   

Finally, large inter-individual differences exist. As shown by the fatigue plots in 

chapter 2, a majority of the participants showed manifestations of muscle fatigue of 

variable magnitude. However, a few participants showed no fatigue effects. Although 

not reported in this thesis, fatigue plots were quite similar in the other studies. 

These individual differences may explain the less consistent results at a group level, 

while fatigue effects at an individual level are present.  

A possible explanation for the large inter-individual differences can be found in 

individual adjustment strategies to counteract or delay muscle fatigue.  Indications of 

changes in upper extremity kinematics and timing strategy were demonstrated during 

less constrained occupational work in chapters 5 and 6. 

 

Surface EMG as a method to detect fatigue changes 
From all fatigue studies presented in this thesis, we may conclude that the value of 

EMG manifestations of fatigue derived from bipolar EMG in (simulated) low-force 

occupational work is limited. This may be explained by a low sensitivity to the actual 

physiological changes in the muscle. At high force levels, the EMG amplitude and MPF 

are supposed to reflect additional motor unit recruitment and a decline of the 

conduction velocity (CV) of the fiber membranes of active motor units, respectively. 

However, at lower intensities these indicators of muscle fatigue may be less valid. 

Recently, Farina et al. (2006) showed that the MPF and EMG amplitude slopes were 

not significant different from zero, while the actual CV of individual motor units 

decreased. This implies that information derived from single motor units might be a 

more appropriate indicator of fatigue related changes than the globally detected 

surface variables.  

Furthermore, a fast recovery of the MPF values as shown in chapter 6 might mask the 

actual state of muscles in the neck and shoulder region if not measured during the 

task itself. It has been shown that some muscles are subdivided in functional 

compartments (e.g. Mathiassen and Winkel 1990). Although this was not confirmed in 
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chapter 4, topographical shifts in activity within and between muscle compartments 

(e.g. Holtermann et al. 2008, Jensen and Westgaard 1997) might limit the sensitivity 

of fatigue measures. As stated in the general introduction, the trapezius muscle is 

the most attractive muscle to study in the neck and shoulder region. In the current 

thesis all studies investigated changes in trapezius EMG except chapter 5 in which 

also the deltoid muscle and the carpi extensor digitorum were studied. Although the 

trapezius muscle is ideal for EMG studies, this does not necessarily mean that other, 

less superficial muscles in this body region (e.g. supraspinatus muscle) are less 

affected and may even limit performance before the trapezius muscle does. 

 

Standardized EMG test contractions 
Occupational work in industry is suggested to be dynamic and may therefore lead to 

erroneous interpretation of the EMG signals (Madeleine et al. 2001). Therefore, one 

may prefer standardized isometric test contractions (Suurküla and Hägg 1987) rather 

than EMG recordings obtained directly from the task itself. However, the effect of 

dynamic movements is relatively small for the trapezius muscle (Farina et al. 2002) 

and will be minimized during short-cyclic work by averaging work cycles (e.g. 

Nussbaum 2001). 

In this thesis, test contractions were used in chapters 2 and 4. The test contractions 

used in chapter 2 partly demonstrated signs of fatigue. However, no direct 

comparison was made with EMG activity derived from actual work cycles. In chapter 

4, the test contractions showed less convincing results than the fatigue indicators 

obtained from EMG activity during work. The fast recovery of EMG manifestations of 

fatigue (chapter 6) and the risk of recording a less representative motor unit activity 

(chapter 4, Blangsted et al. 2005) may explain the more clear results achieved when 

recording a number of representative work cycles. Besides the less reliable results, a 

temporal fatigue pattern could not be obtained from test contractions unless these 

are applied frequently in-between work cycles. Due to interruptions of work this is 

not feasible and therefore standardized test contractions are not recommend in 

industrial settings. 

 

In conclusion, it’s recommendable to record EMG activity from a representative 

number of work cycles instead of test contractions in repetitive assembly work. The 

use of test contractions might mask actual fatigue effects, disturb daily routines in 

the production process and a number of work cycles offer the added advantage to 

evaluate cycle-to-cycle variability as a measure of motor variability. It gives 
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preference to measure continuous or intermittent (i.e. before and after scheduled 

breaks) during a shift instead of capturing only data at the start and end because 

temporal development of fatigue is not always suggested to be linear. 

 

Perceived fatigue or discomfort and its relation with EMG indicators of 

fatigue 
Although EMG manifestations of fatigue were variable, a highly consistent increase in 

ratings of perceived fatigue or local discomfort was observed across all original and 

reviewed studies in this thesis.  

No significant correlation between objective signs of muscle fatigue and perceived 

fatigue or discomfort was established in chapters 2, 3 and 6. The possible 

explanations for the absence of significant correlations have extensively been 

discussed in these chapters. In short, subjective feelings of local discomfort or 

perceived fatigue might be the result of other issues than muscle fatigue (e.g. work 

satisfaction, motivation of participants). This particularly holds for the evaluation of 

interventions in practice (chapter 2). EMG measurements, on the other hand, reflect 

only a small part of the physiological state of the muscle and bipolar electrodes cover 

a limited area of the surface of the trapezius muscle. EMG is therefore only one of 

the possible indicators of physical fatigue.  

Although no significant correlation was found between perceived fatigue and EMG 

manifestations of fatigue, perceived fatigue may reflect the relation between the 

overall effort needed to accomplish the task requirements (i.e. an individual’s 

instantaneous capacity) and the actual work requirements of the job. Perceived 

fatigue ratings are therefore an important measure to evaluate interventions in real-

life industrial settings.  

 

Temporal aspects of work and the development of muscle fatigue 

manifestations  
One strategy to delay muscle fatigue is the reduction of the intensity of the 

workload. This can be achieved by workplace adjustments. The workplace 

adjustments described in chapter 4 partly affected the manifestation of fatigue in 

the EMG signal. An improved workstation design, i.e. a lower working height and 

shorter reaching distances led to a lower MPF decrease. However, as already stated 

in the general introduction, load intensities are often optimized in industrial settings 

as a result of well-designed work stations. If so, modification of the temporal pattern 

of the load might be another valuable fatigue reducing intervention.  
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In the current studies the effects of temporal aspects of work were limited. The 

effects of a number of temporal aspects were evaluated in chapters 2, 5 and 6. An 

1.5 hour extension of the working day did not lead to an additional increase in EMG 

fatigue manifestations or locally perceived discomfort towards the end of the day, as 

described in chapter 2. From an engineering point of view, it is interesting that the 

production output of the employees did not significantly drop during this 1.5 hour 

extension (not reported in this thesis).  In chapter 5, no effect of work pace, 

determined by a predetermined time system, on EMG indicators of muscle fatigue 

and perceived ratings of fatigue was found.  

In chapter 6, a clear effect of pauses on fatigue indicators was demonstrated. 

Although no direct comparison between different work-rest schedules was made in 

chapter 6, 3-minutes rest breaks promoted recovery of the EMG amplitude, MPF and 

perceived fatigue. On the other hand, the 30-minutes lunch breaks during the 

occupational activities in chapter 2 did not lead to significant recovery of EMG 

manifestations or perceived discomfort. 

 

As proposed by the ‘size-principle’, low-threshold (type 1) motor units are recruited 

first (Henneman 1957) and remain constantly active during low-force activities. The 

muscle fibers which belong to these low-threshold motor units are supposed to be 

overloaded and fatigued as hypothesized by the ‘Cinderella hypothesis’ (Hägg 1991). 

Temporal interventions like periodic increases in activity might stimulate motor unit 

substitution within muscles (Westad et al. 2003) or shifts in activity to other muscle 

parts (e.g. Falla and Farina 2007) or muscles with similar biomechanical functions 

(e.g. Palmerud et al. 1998) and by that counteract fatigue effects. In this thesis, the 

modification of temporal aspects of low-force work activities did however not show 

clear effects on fatigue development. As stated earlier, it seems that the EMG 

methods used in the current thesis are not sensitive enough to detect these small 

changes at a motor unit level during occupational tasks.  

 

Indicators of muscle fatigue and their relation to performance  
In an industrial setting, short-term effects of fatigue on actual performance are as 

important as potential sick leave on the long term. As stated in the general 

introduction, the costs of reduced productivity as a consequence of disorders or 

experienced discomfort while at work almost equal the costs of sick leave (Blatter et 

al. 2005).  The relationship between fatigue manifestations and practically relevant 

outcomes of performance were studied in chapters 5 and 6. The number of errors was 
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not correlated to the rate of fatigue development, but work pace affected the 

number of errors as presented in chapter 5. In chapter 6, a decline in performance 

across time, expressed as timing error, was described. Performance seems to be 

affected by changes in timing strategy. Whether this is a result of adaptation to avoid 

or a consequence of fatigue remains unclear. Nevertheless, performance was 

negatively affected during highly repetitive sub-maximal work. The impact of 

reduced performance in real-life occupational activities depends on several issues, 

for instance the type of product or the applied production concept. The impact of 

errors is more serious when producing ‘high-risk’ products like the medical catheters 

as mentioned in chapter 2. Although errors do not have a fatal impact in some 

industrial settings, it seriously disturbs the production rate in serial flow or line 

production systems, where without buffers the work stations are strongly connected. 

Even if restoration of errors is possible, disturbance of the natural work rhythm may 

have a large impact on production line output.  

 

New research technologies 
The results in the current thesis suggest that the usability of bipolar surface-EMG to 

detect fatigue development during low-force contractions is limited. However, 

several non-invasive methods to detect physiological or fatigue-related changes in 

the neck and shoulder muscles do exist and might be appropriate for field evaluations 

in the near future. 

(1). Recent studies suggest that the use of mechanomyography (MMG) provides 

complementary information to EMG during low-force isometric contractions (e.g. 

Madeleine et al. 2002). MMG is the recording of low-frequency vibrations generated 

by the lateral oscillations of active muscle fibers (Orizo 1993) and would represent 

the mechanical properties of a motor unit (Gordon and Holbourn 1948). However, 

recent studies showed only minor additional value of the MMG measurements during 

isometric contractions and to the authors’ knowledge no attempts were made in 

more real-life dynamic activities.  

(2). Localized muscle fatigue has been associated with a reduction in microcirculation 

and a decline in oxygen availability during high-force contractions. The Near Infra-

Red Spectroscopy (NIRS) may provide useful information about metabolic changes and 

local blood flow in the muscle during work.  This non-invasive method has been used 

for the monitoring of changes in blood volume, oxygenation and hemodynamics (e.g. 

Flodgren et al. 2009). Recent studies showed contrasting results for several muscles 

during low-force contractions. Flodgren et al. (2006), van Dieën et al. (2009) and 
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Callaghan et al. (2010) found no or only very small (Lin et al. 2010) decreases in 

oxygenation during sustained low-force contractions while for example Crenshaw et 

al. (2006) demonstrated temporal effects. Poor correlations with discomfort scores 

were found by Callaghan et al. (2010). In conclusion, NIRS might be a useful 

alternative technique to broaden the understanding of muscle physiological changes 

during low-force upper extremity activities. Recent development enables 

quantitative measurements with high time resolution. However, the application of 

NIRS to detect fatigue related changes in industrial activities of low- to moderate 

intensity is up to now limited. Furthermore technical limitations (e.g. noise due to 

changes in posture or movements of the probes) at the initiation of the contraction) 

may result in less reliable results in dynamic industrial settings especially when 

measured during work. 

(3). Promising developments have been made in multi-channel surface EMG. Two-

dimensional EMG arrays have proven to be of additional value compared to the 

traditional bipolar surface EMG. The arrays have been used to detect shifts in muscle 

activity (e.g. Falla and Farina 2007) and allow motor unit decomposition from non-

invasive methods (e.g. Gazzoni et al. 2004, van Dijk et al. 2009) in constrained and 

isolated settings. The application of multi-channel arrays is, however, time-

consuming and relatively sensitive to disturbances and therefore not yet appropriate 

for dynamic and unpredictable environments. Recent developments increase the 

potential of using these electrodes in real-life work. The electrode technology itself 

has been improved as shown by Lapatki et al. (2004). Thinner, more flexible and 

easier attachable electrodes allow better recordings of EMG data from relevant 

shoulder muscles. Furthermore, motor unit decomposition algorithms have been 

strongly improved in the last decade (e.g. Kleine et al. 2008). In the near future, this 

technique may allow detection of fatigue related changes in motor unit activity in 

simulated and real-life occupational settings.  

 

As shown in chapters 5 and 6, capturing kinematics provides insight in postural 

changes or changes in working strategy triggered by fatigue development. However, 

recording upper extremity kinematics during occupational work on a larger scale is 

time- consuming and therefore expensive (e.g. Trask et al. 2007). Recent 

developments to capture objects with the assistance of video-based marker tracking 

technology (Lepetit and Fua 2005) and the use of inertial and magnetic measurement 

systems (e.g. Zhou et al. 2008, de Vries et al. 2010) might solve these problems in 

the near future. Future developments should focus on ambulatory systems that 
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combine motion capturing and high-density surface EMG to further evaluate the 

effects of temporal interventions during low-force work. 

 

The current thesis includes papers investigating the effects of work requirements and 

muscle fatigue on performance in an experimental setting. Besides the technological 

improvements to detect muscle fatigue as described above, future research and 

interventions in industry should focus on more than health and safety issues only. Dul 

and Neumann (2009) recently suggested that the impact of ergonomics will be 

enlarged if ergonomists contribute to the company strategy and business goals. One 

of the focuses of research should therefore be on the interaction between health and 

performance to improve the evaluation of working conditions in a design or 

operational phase. One example of an application integrating company business goals 

and human factors in manufacturing might be the use of enhanced simulation models. 

So far, simulation models primarily focused on system performance and generally 

treat the operator as a non-fatiguing element with infinite endurance time. On the 

other hand, dynamic muscle models (e.g. Ma et al. 2009) have been focusing on the 

human without taking into consideration the effects on the environment. Integration 

of both approaches, i.e. predict system performance and work load on the operators 

may improve working conditions and strengthen business performance. 
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Conclusions 
The conclusions with respect to the research aims as mentioned in the general 

introduction are: 

 

 Performing a low-intensity occupational work task leads to perceived fatigue 

development in the neck and shoulder region, partly supported by EMG 

manifestations of trapezius muscle fatigue. The variable outcomes of EMG 

manifestations of fatigue seem to be a result of a large motor variability and 

individual variation in less constrained occupational tasks.  

 

 During unconstrained industrial work the sensitivity of bipolar surface-EMG to 

detect fatigue related changes in the upper trapezius muscle is limited. 

 

 EMG manifestations of trapezius muscle fatigue are not correlated to ratings of 

perceived fatigue or feelings of local discomfort and the extent of muscle fatigue 

development can not be predicted by initial levels of muscle activity, variability 

in muscle activity or timing strategy. 

 

 Frequent short rest breaks have a positive effect on fatigue development in the 

neck and shoulder region whereas longer lunch breaks do not lead to significant 

recovery of perceived fatigue and EMG manifestations of fatigue. 

 

 A work day extension of 1.5 hours does not cause additional fatigue development 

compared to a regular 8 hours working day. Extended working days at the end of 

a working week do not differ from the first day of the week with respect to 

fatigue development. 

 

 When comparing a normal pace with a realistic manufacturing pace, a 26% higher 

work pace does not have a negative effect on fatigue development but almost 

doubles the number of errors. 

 

 In unconstrained occupational repetitive work, people spatially and temporally 

adjust their upper extremity kinematics, most likely to counteract fatigue 

development. Temporal adjustments may negatively affect performance during 

repetitive low-force work activities. 
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