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Musculoskeletal disorders (MSDs) account for a large proportion of occupational 

injuries.  As the computer has become ubiquitous in office work environments, so have 

computer-related MSDs.  Since most work-related MSDs develop from the accumulation of 

micro trauma over moderate to long periods of time, early detection of physiological 

degradation, i.e. muscle fatigue, may help reduce the occurrence of MSDs.  There are several 

laboratory-based assessment tools to measure muscle fatigue; however, due to their 

invasiveness, lack of portability and cost, these measurement tools may not be appropriate 

for measuring computer-related muscle fatigue in field-based or occupational settings.   

Some previous studies have shown that keystroke and mouse button-click durations may be 

influenced by muscle fatigue or physical load.  Therefore, in the present study, I investigated 

whether the keystroke and mouse button-click durations were sensitive enough to indicate 

early stages of muscle fatigue development.  Since keystroke and mouse button-click 

durations can be readily and non-invasively measured in real-time with simple computer 

monitoring software while subjects do their actual work, we may be able use a non-invasive 

computer monitoring software program to proactively detect when computer operators may 



be developing muscle fatigue which may be a precursor to the onset and development of a 

computer related MSD.  
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Chapter 1 - Introduction and Background 

1.1.   Computer Use and Musculoskeletal disorders  

During the last few decades, computers have become popular and almost essential for 

many individuals (Andries, Smulders, & Dhondt, 2002; Mikkelsen et al., 2007).  According 

to the 2009 US Census, approximately 80.5% of people in the US, ages 15 and older, use 

computers at either their home or work on a daily basis.  Around 68.7 % of the US 

households have internet access in their homes (US Bureau of the Census, 2009).  About 85 

million personal computers were being used in Germany, France, and the UK in 2003 (F. 

Gerr, Monteilh, & Marcus, 2006).  While the prevalence of computers has had a positive 

impact on our life, previous studies (Chang, Johnson, Katz, Eisen, & Dennerlein, 2009; 

Fredric Gerr et al., 2002; Lassen et al., 2004) have shown that computer work may be 

associated with adverse health effects such as musculoskeletal disorders (MSDs) and in more 

severe cases, nerve entrapment disorders such as carpal tunnel syndrome.  

Although computers can contribute to MSDs in the upper extremities, the causal 

pathways have not been well established due to the multifaceted nature of MSDs.  MSDs are 

generally defined as inflammatory and degenerative conditions affecting the muscles, 

tendons, ligaments, joints, peripheral nerves, and supporting blood vessels (Punnett & 

Wegman, 2004).  Most work-related MSDs develop from the accumulation of micro trauma 

to the soft tissues (muscles, tendons, ligaments and nerves) over time and often occur in the 

low back, neck, shoulder, forearm and hand (Punnett & Wegman, 2004).  The risk factors for 

MSDs include physical factors such as force, duration, repetitiveness, and posture; work 

organizational factors such as job control, stress and relationship with co-workers; and 
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individual characteristics such as age, gender, work habits, health status and outside of work 

activities (S. Ijmker et al., 2007; Peter Wallace Johnson, 1998; Tayyari & Smith, 1997). 
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(a) 

Total injuries and illnesses

MSDs %

MSDs, 
29% 

Sprains, 
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tears, 11% 

Bruises, 
contusions, 

8% 

Soreness, 
pain, 

including 
back, 8% 

Cuts, 
lacerations, 
punctures, , 

8% 
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7% 

All other 
injuries, 

29% 

(b) 

Figure 1.1 The number and proportion of MSDs among the total occupational injuries and 
illnesses: (a) total number of injury and illness cases involving days away from work 
compared to the percentage of MSDs cases involving days away from work (1992-2009), 
(b) proportion of MSDs among the total injuries in 2010. Source: Bureau of Labor 
Statistics. 
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Since 1992, the total number of occupational injuries and illnesses has been 

decreasing due to various interventions whereas the proportion of MSDs in the working 

population has remained relatively constant (Figure 1.1(a)).  Despite the decreasing trend in 

occupational injuries, MSDs still are the single largest component of all injuries and illnesses, 

accounting for around 1/3 of total occupational injuries and illnesses in the US (Punnett & 

Wegman, 2004).  Furthermore, MSDs are the most costly and severe types of disorders in 

office work environments (Lyon, 1992).  According to the Bureau of Labor Statistics (Figure 

1.2), the median number of days away from work due to MSD-related injuries were three 

times longer (24 days) than the industry average  for all the other types of injuries (8 days), 

indicating that once an individual was  injured, it would take longer time to recover from 

MSDs.  

 

Figure 1.2 Median days away from work and incidence rate due to injuries and illnesses by 
event or exposure in 2010. Source: Bureau of Labor Statistics. 
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The increase in the number of MSDs cases among office workers has corresponded 

with the increasing trend of computer use.  As a result, a significant proportion of the work-

related MSDs in office workers may be due to intensive computer use.  Previous 

epidemiologic studies have found that 24 to 44% of office workers are experiencing MSD-

related symptoms in their hands, arms, shoulder and neck (Jensen, 2003; Juul-Kristensen, 

Sogaard, Stroyer, & Jensen, 2004; Lassen et al., 2004).  Computer work, due to the intensive 

use of the finger and wrist muscles, could especially lead to soft tissue injuries on the 

extensor and flexor muscles in the forearm (Pascarelli & Kella, 1993; Rose, 1991).  

Therefore, it is important to understand the association between computer use and MSDs in 

the upper extremities: especially with respect to the forearm muscles which power our 

fingers, hands and wrists.  To better understand these associations, an important place to start 

is to understand how computers are typically used. 

1.1.1 Characteristics of Computer Use 

Computer work time can be characterized by the duration of the work, patterns of 

input device use (e.g. mouse and keyboard) and the duration and patterns of the idle periods, 

inactivity or rest.  The characterization of computer activity and inactivity is essential for 

understanding the association between the computer use and MSDs.  In the following 

sections, the characteristics of computer use in terms of duration, patterns of input device use 

and the duration and patterns of inactivity are described in order to better understand how 

computer use may contribute to the onset and development of upper extremity MSDs. 

1.1.1.1Duration of Computer Use 

Epidemiological studies have shown that musculoskeletal discomfort and injuries are 

positively associated with duration of computer use (Blatter & Bongers, 2002; Bongers, 
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Ijmker, van den Heuvel, & Blatter, 2006; S. Ijmker et al., 2008).  In other words, as the 

duration of computer use increases, the computer operator’s likelihood to develop MSDs 

increases (Andries et al., 2002).  Therefore, investigating factors surrounding the duration of 

computer use and the potential adverse health effects is a logical starting point.  According to 

previous studies (Andries et al., 2002; Burke & Peper, 2002; Chang et al., 2007; Heinrich, 

Blatter, & Bongers, 2004; Mikkelsen et al., 2007), the average duration of computer use is 

approximately 2 hours/day (hr/day), ranging from 2.0 to 2.5 hr/day with standard deviations 

ranging from 0.96 to 1.4 hr/day.  These studies have consistently found that 2.0-2.5 hours of 

daily computer use is long enough to increase the risk of MSDs. 

1.1.1.2Measurement of computer use duration   

There are two main types of measurement methods used in the literature to measure 

computer work: subjective and objective measurement methods.  Most of the early studies on 

computer usage utilized subjective measurement methods. Typical subjective methods 

included questionnaires and observations.  Researchers often chose questionnaires because 

they were relatively inexpensive, relatively large amounts of data could be collected, and the 

data was relatively simple to analyze.  Due to the subjective nature of the data, however, 

study results could be biased or unreliable depending upon the design of the data collection 

tools or how respondents perceived and answered questions.  Some previous studies 

(Heinrich et al., 2004; Mikkelsen et al., 2007) have shown that people tend to overestimate 

their computer usage time; that is, the subjective self-reported measures of computer use 

durations are often longer than and are overestimates relative to the objective measures. 

Van Eerd et al., (2009) showed that direct observations are more reliable than self-

reported questionnaires.  However, the direct observations have significant disadvantages.  



6 
 

The reliability of the measures from direct observations depends heavily on the ability of the 

trained observer because the identification of tasks and time interacting with the computer 

varies depending on the observer’s perceptions.  Furthermore, one of the biggest limitations 

of direct observations is the Hawthorne effect; i.e. when people are aware of the observation, 

their behaviors might change (Clayton & Griffith, 2004).  This Hawthorne effect could have 

a significant impact on the representativeness of the collected data.  In addition, since direct 

observation is costly, it is not the appropriate method for studies with large sample sizes or 

longitudinal studies. 

A more preferable, objective method for characterizing computer use, either with 

large samples or over long periods of time, is monitoring computer activity using software 

installed on the subject’s own computer.  Some studies (Heinrich et al., 2004; Mikkelsen et 

al., 2007) have utilized a commercially-available program called WorkPace Recorder (Niche 

Software Ltd, ErgoDirect, New Zealand) whereas other studies (Chang et al., 2007; Richter, 

Slijper, Over, & Frens, 2008) have used custom programs created by the investigators 

themselves.  These software programs enable researchers to collect a large amount of 

objective computer use data with relatively low costs since software programs can be easily 

distributed and installed in many different computers. 

1.1.1.3Patterns of computer use 

As mentioned earlier, computer use can be characterized by duration of keyboard and 

mouse use and duration of inactivity or rest.  Keyboard use is a complicated and consists of 

highly repetitive and dynamic muscle movements (Chang et al., 2009).  Although a typing 

task typically requires only 5% of a subject’s maximal strength on average, as shown in 

Figure 1.3, the repetitive movements may induce muscle fatigue or change physiological 
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performance of the forearm muscles (Chang et al., 2009).  Gerr et al. (2002) showed that 

computer keyboard use is associated with upper extremity MSDs. 

 

 

Figure 1.3 Computer use and MSDs. 

  

Mouse use requires static muscle activity which is strongly related to upper extremity 

discomfort and MSDs (Chang et al., 2007; S. Ijmker et al., 2007; Jensen, Finsen, Sogaard, & 

Christensen, 2002).  Since static postures and muscle loading tend to cause more problems 

than the dynamic counterparts, mouse use is thought to have stronger relationship with MSDs 

than keyboard use. Indeed, as shown in Figure 1.4, many epidemiological studies have 

demonstrated that the risk estimates for hand-arm MSDs are consistently greater with mouse 

use when compared to those associated with keyboard use (S. Ijmker et al., 2007).  In terms 

of usage time, mouse use durations are typically four-fold greater than keyboard use duration 
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on average (Chang et al., 2007; Mikkelsen et al., 2007).  The static postures and longer 

duration of mouse use might account for the stronger association with MSDs. 

 

Figure 1.4 Risk estimate between computer use and MSDs. (Ijmker et al., 2007) 

 

1.1.2 Populations at risk 

Numerous studies have documented gender-related differences in muscle strength 

(Miller, Macdougall, Tarnopolsky, & Sale, 1993) and muscle fatigue mechanisms (Hunter, 

Critchlow, Shin, & Enoka, 2004; Hunter & Enoka, 2001).  Miller and his colleagues (1993) 

have shown that women are approximately 52% as strong as men in the upper extremity but 

have more fatigue resistance when the same relative work was given.  Three major 

contributors to these gender-based differences in muscle fatigue have been proposed: muscle 

mass, substrate utilization, and muscle morphology (Hicks, Kent-Braun, & Ditor, 2001).  
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Due to the inherent gender-related differences in muscle characteristics and fatigue 

mechanisms, fatigue caused by prolonged, repetitive movements during computer use might 

also be different in accordance with gender.  Despite the large differences between genders in 

muscle strength, almost all input devices (keyboards and mice) have the same fixed 

geometrical size and activation force.  This one size fits all design paradigm, particularly 

with respect to keyboard and mouse activation forces, implies that females need to exert 

almost two-fold more relative force (for as a percentage of the maximum voluntary 

contraction) than males.  The different relative force may explain previous findings that 

MSDs are known to be more prevalent in female than male population (Wahlstrom, 2005).  

This might imply that the risk of MSDs during computer use could be different depending 

upon the gender.  Therefore, it might be important to take the gender differences into account 

when we study the association between computer use and MSDs. 

1.2.  Muscle fatigue 

Although mechanisms underlying computer-work-related MSDs are not fully 

understood, they are thought to be the result of fatigue and irritation of soft tissues (T. J. 

Armstrong, Foulke, Martin, Gerson, & Rempel, 1994).  Prolonged and repetitive movements 

during computer input device use can contribute to fatigue in the forearm muscles.  Muscle 

fatigue might be considered as a precursor to MSDs (Peter Wallace Johnson, 1998; D. M. 

Rempel, Harrison, & Barnhart, 1992).  Therefore, it is important to understand the definition 

and mechanisms of muscle fatigue.    

Muscle fatigue is defined as failure to maintain the required or expected force output 

of the muscle (R. H. Edwards, 1981).  Although this classical fatigue definition is widely 

accepted in various textbooks and in the literature, it does not encompass changes that may 
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occur during limb movement or the changes in subjective perceptions which can accompany 

fatiguing contractions (McComas, Miller, & Gandevia, 1995).  The more comprehensive 

definition would be an acute impairment of performance that include both an increase in the 

perceived effort necessary to exert a desired force and an eventual inability to produce this 

force (Enoka & Stuart, 1992). 

Muscle fatigue can originate from changes that occur anywhere in the motor 

command pathway (Figure 1.5): motor cortex activation; descending drive; motor neuron 

excitability and conduction; neuromuscular junction (NMJ) and membrane propagation; 

excitation-contraction (E-C) coupling; the metabolite pathway; intracellular chemistry; actin-

myosin interactions; and blood flow (MacIntosh, Gardiner, & McComas, 2006).  As shown 

in Figure 1.5, changes occurring after NMJ are considered peripheral fatigue while the 

effects before the NMJ are regarded as central fatigue (Enoka & Stuart, 1992). 

 

Figure 1.5 The two types and sources of muscle fatigue. 
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1.2.1 Central fatigue 

Since monotonous repetitive typing and/or static mouse operation during computer 

use could induce boredom, i.e. central fatigue, it is worthwhile to review central fatigue and 

possible central fatigue mechanisms.  Central fatigue can be defined as a progressive 

reduction of descending central commands from brain during exercise (Roger M. Enoka, 

2002; Gandevia, 2001).  Muscle fatigue is thought to be affected by this central command as 

well as by peripheral fatigue mechanisms.  Therefore, it is important to understand how 

central fatigue develops and how the central components have an influence on muscle 

responses.  Including central factors can allow us to create a more comprehensive map of the 

occurrence of muscle fatigue during computer use. 

1.2.1.1Mechanisms of central fatigue 

Despite the importance of central components contributing to muscle fatigue, the 

establishment of the role of central fatigue in overall muscle fatigue has received relatively 

little attention (Gandevia, 2001); therefore, the mechanisms of central fatigue are not as well 

understood compared to the mechanisms of peripheral fatigue (Davis, 1995).  Nevertheless, a 

few previous investigations have revealed that central fatigue might be due to decreased 

psychological motivation, decreased input to motor cortex, and reduced output from motor 

cortex or cerebellum (Roger M. Enoka, 2002).  Inhibitory or protective reflexes are known to 

be a possible cause of the changes in motor cortex or cerebellum (Roger M. Enoka, 2002).  

1.2.1.2Measurement of central fatigue 

Central fatigue can be measured by either subjective or objective assessment tools. 

Questionnaires are most commonly used to measure central fatigue because they are easy to 

implement and inexpensive.  A simple objective method for measuring central fatigue is to 
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use electrical stimulation that delivers a maximal electrical stimulus to either motor nerve or 

the contracting muscle (Belanger & McComas, 1981).  During a maximal voluntary 

contraction, maximal electrical stimulation is applied the contracting muscle; then, additional 

supplemental electrical stimulation is applied.  If any additional forces evoked by the 

supplemental electrical stimulation are observed, then central fatigue is considered to be 

present since the force output of the muscle wasn’t fully realized by the voluntary/central 

command from the brain. The additional force from the supplemental electrical stimulation is 

expected to be small without central fatigue but substantial when central fatigue is present.  

An alternative method using electrical stimulation is to compare the voluntary contraction 

force to involuntary contraction force of the same muscle (Enoka & Stuart, 1992).  However, 

supramaximal stimulation may not be desirable to measure central fatigue due to substantial 

pain caused by the stimulation and anatomical variations between subjects (Enoka & Stuart, 

1992).  Transcranial magnetic stimulation (TMS) has been used to evaluate central fatigue in 

some previous studies (Liepert, Kotterba, Tegenthoff, & Malin, 1996; Ljubisavljevic et al., 

1996; Mill & Thomson, 1995).  TMS is a non-invasive and painless method to measure 

central fatigue by stimulating the human motor cortex (Barker & Jalinous, 1985; Liepert et 

al., 1996).  TMS excites motor cortex trans-synaptically, providing increased muscle 

responses in cases of central fatigue (MacIntosh et al., 2006).  The body of evidence indicates 

that central fatigue is unlikely to be a factor and occur during computer use due to the very 

low force requirements. 

1.2.2 Peripheral fatigue 

Although central fatigue can contribute to muscle fatigue at moderate to high force 

work (Gandevia, 2001), peripheral fatigue plays a substantial role in the onset and 
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development of muscle fatigue, especially during moderate to low force work (Biglandritchie, 

Furbush, & Woods, 1986; Hakan Westerblad, Joseph D. Bruton, David G. Allen, & Jan 

Lannergren, 2000).  Peripheral fatigue is due to any changes occurring at NMJ, E-C coupling 

processes, metabolites and metabolic pathways, and blood flow (Roger M. Enoka, 2002; 

MacIntosh et al., 2006); however, peripheral muscle fatigue developed during low intensity 

work such as computer use is predominantly due to impairment of the E-C coupling process 

(MacIntosh et al., 2006).  A brief review on each of the peripheral fatigue mechanisms is 

provided below. 

1.2.2.1Mechanisms of peripheral fatigue 

Neuromuscular junction 

Previous studies have shown that neuromuscular junction (NMJ) failure is primarily 

the result of severe or extreme muscle fatigue (R. G. Edwards & Lippold, 1956; Lindsley, 

1935; Stephens & Taylor, 1972).  As shown in Figure 1.6(a) parts 1 and 2, NMJ failure may 

be caused when axons fail to conduct action potentials (AP) from the motor nerve to the 

excitable membrane/sarcolemma which covers muscles (Roger M. Enoka, 2002).  Highly 

repetitive activation of motor nerves where numerous APs are transmitted to muscles can 

deplete neurotransmitters such as acetylcholine (Ach) and therefore result in AP conduction 

failure and NMJ failure (MacIntosh et al., 2006).  The depletion of ACh may be due to a 

decrease in vesicle release of ACh which occurs in response to repeated Aps or the decreased 

sensitivity of ACh receptors (Roger M. Enoka, 2002).  Due to NMJ failure, APs cannot 

initiate a full muscle contraction.  Given the low force requirement, it is highly unlikely that 

NMJ failure plays a significant role in the development of muscle fatigue during computer 
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work since the NMJ failure almost always occurs in the presence of very high levels of 

muscle activity and recruitment.        

Excitation-Contraction coupling  

Since the impairment of Excitation-Contraction (E-C) coupling has been found to be 

an important component of muscle fatigue (R. H. T. Edwards, Hill, Jones, & Merton, 1977), 

E-C coupling failure has been extensively studied as a major factor contributing to peripheral 

muscle fatigue (Jones, 1996).  E-C coupling is a physiological process where an electrical 

stimulus is converted to a mechanical response (Sandow, 1952).  The E-C coupling process 

starts as an AP is propagated into a muscle fiber through T-tubules (Figure 1.6(a)).  The AP 

in the tubules activates voltage sensitive dihydropyridine (DHP) receptors which trigger 

ryanodine receptors (RYRs) opening (Figure 1.3 (b), parts 3 and 4).  Intracellular Calcium 

ions (Ca2+) are released from sarcoplasmic reticulum (SR) into cytoplasm (Figure 1.6(b), part 

4).  The released Ca2+ binds to troponin on the actin filaments (Figure 1.6(b), parts 5 and 6), 

allowing movement of muscle fibers via strong actin-myosin binding (Figure 1.6(b), part 7).  

Then, the Ca2+ is continuously taken back into SR by ATP-driven Ca2+ pump (MacIntosh et 

al., 2006; H. Westerblad, J. D. Bruton, D. G. Allen, & J. Lannergren, 2000). 

In the E-C coupling process, there are several places along the chain of events which 

can lead to muscle fatigue.  Depending on where the failure occurs in the process, muscle 

fatigue could further be characterized as either high or low frequency fatigue (Biglandritchie, 

Jones, Hosking, & Edwards, 1978).  High frequency fatigue (HFF) is where the muscle does 

not maintain force output when stimulated at high frequencies whereas low frequency fatigue 

(LFF) is characterized by the relatively greater loss of the muscle’s force in response to low 
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frequency stimulation when compared to the force loss at high frequencies of stimulation 

(Jones, 1996; Keeton & Binder-Macleod, 2006). 

 

Figure 1.6  Excitation - Contraction coupling (Silverthorn, 2007) 

      

Failure of propagating APs into T-tubules (Figure 1.6(b), part 2 and 3) can be a 

possible cause of HFF (Cairns, Taberner, & Loiselle, 2009; Edman & Lou, 1992; MacIntosh 

et al., 2006).  A reduction in the number of Potassium ion (K+) pumps working in the T-
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tubules can result in higher K+ concentration which reduces the T-tubule’s membrane 

potential and eventually slowing or blocking AP propagation into the center of muscle 

(Fambrough, Wolitzky, Tamkun, & Takeyasu, 1987; Hodgkin & Horowicz, 1959).  The 

failure of AP propagation due to high concentration of K+ has been known to be a major 

cause of HFF  (Biglandritchie et al., 1978; Jones, 1996). 

Another possible cause of the impairment of E-C coupling is the decrease in either 

Ca2+ concentration (Allen, Lee, & Westerblad, 1989; Fitts & Balog, 1996; J. A. Lee, 

Westerblad, & Allen, 1991; H. Westerblad et al., 2000) or Ca2+ sensitivity (Cooke, Franks, 

Luciani, & Pate, 1988; Cooke & Pate, 1985; J. A. Lee et al., 1991).  As shown in Figure 1.2 

(b), parts 5 and 6, Ca2+ is critical in muscle contraction since its binding with troponin 

initiates muscle contraction by allowing myosin heads to bind with actin filaments (H. 

Westerblad et al., 2000).  Reduced Ca2+ concentration in cytoplasm has been found during 

muscle fatigue (Allen et al., 1989; Fitts & Balog, 1996; J. A. Lee et al., 1991); the lower 

concentration could be due to the reduced Ca2+ release from SR (MacIntosh et al., 2006; H. 

Westerblad et al., 2000).  The lower Ca2+ concentration implies that there are fewer calcium 

ions available to bind to troponin and therefore, muscle contraction fails.  The reduced Ca2+ 

release from SR has been thought be a possible mechanism of LFF (Chin, Balnave, & Allen, 

1997; Jones, 1996; H. Westerblad et al., 2000).  

The decreased Ca2+ sensitivity could also result in the failure of E-C coupling (Cooke 

et al., 1988; Cooke & Pate, 1985; J. A. Lee et al., 1991).  The lower sensitivity may reduce 

the interactions between Ca2+ and troponin; consequently, the number of the binding sites 

between myosin heads and actin decreases.  This reduced number of the binding sites may be 

attributed to the reduced contraction force in the presence of muscle fatigue (Lieber, 2002).  
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It is thought that changes in the E-C Coupling may be a substantial contributor to any 

changes in muscle fatigue measured with computer use.             

Biochemical changes in muscle fibers (metabolites and ATP) 

Changes in the biochemical composition of muscle fibers have also been shown 

during muscle fatigue (MacIntosh et al., 2006).  Accumulation of Hydrogen ions (H+) has 

been identified in fatigued muscles.  High concentration of H+ could lower intra- (or extra-) 

cellular muscle pH which is known to reduce muscle contraction force (Donaldson & 

Hermansen, 1978) and the maximum speed of muscle shortening (Edman & Mattiazzi, 1981).  

The concentration of both inorganic phosphate and diprotonated inorganic phosphate also 

increases in muscle fatigue (MacIntosh et al., 2006).  High concentrations of inorganic 

phosphate (Cooke & Pate, 1985) and diprotonated inorganic phosphate (Nosek, Fender, & 

Godt, 1987) are thought to be associated with the decreased force output from the muscle 

during muscle fatigue.  Since ATP binding to myosin heads allows myosin to dissociate from 

actin, APT depletion lengthens the duration of the muscle contraction by delaying the 

muscle’s ability to relax.  The loss of ATP is known to result in high concentration of Ca2+ 

because Ca2+ pumps at SR are ATP-driven.  The high concentration of Ca2+ also lengthens 

the duration of the muscle contraction by delaying the muscle’s ability to relax (Caputo, 

Edman, Lou, & Sun, 1994).  This prolonged relaxation is one of the typical characteristics of 

muscle fatigue.  Since changes in intra- (or extra-) cellular muscle pH, inorganic phosphate 

and deprotonated inorganic phosphate usually occur at higher force levels and recovery fairly 

rapidly after the exposure/exercised has ended, these biochemical changes are not likely to 

play a role in computer-related muscle fatigue.     
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1.2.2.2Measurement of peripheral fatigue 

Various objective laboratory-based assessment tools have been used to quantify 

peripheral fatigue (Figure 1.7): surface electromyography (EMG), electrical stimulation, 

mechanomyography (MMG) and sonomyography (SMG).  EMG, MMG, and SMG provide 

indirect surrogate measures of muscle fatigue at a macro level; however, these measures are 

known to be insensitive to muscle fatigue developed in low intensity work (Gerard, 

Armstrong, Foulke, & Martin, 1996).  Alternatively, electrical stimulation methods provide 

direct measures of muscle fatigue measured in a micro level.  More importantly, electrical 

stimulation methods are known to be sensitive to muscle fatigue developed in low intensity 

work such as computer use (Peter Wallace Johnson, 1998; Mellor & Stokes, 1992).  Among 

those methods, EMG and electrical stimulation have been most commonly used to evaluate 

muscle fatigue.  Therefore, EMG and electrical stimulation will be discussed in detail and 

other assessment tools will only be briefly described. 

 

Figure 1.7 Measurement of muscle fatigue at macro and micro levels. 
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Electromyography (EMG)     

EMG is a technique to measure the electrical activity of skeletal muscles.  Increased 

root mean square (RMS) amplitude of an EMG signal or frequency shifts in an EMG power 

spectrum have been considered an indirect indication of muscle fatigue (Basmajian & De 

Luca, 1985; Chaffin, 1973; Devries, 1968).  Although EMG has been extensively used to 

evaluate muscle fatigue for several decades, previous investigations (Christensen, 1986; 

Gerard et al., 1996; Gerard, Armstrong, Franzblau, Martin, & Rempel, 1999; Radwin & 

Ruffalo, 1999) have found that EMG might not be sensitive enough to measure muscle 

fatigue resulting from low force and highly repetitive work.  Gerard et al. (1996) utilized 

EMG to measure muscle fatigue during keyboard use; however, they failed to get a 

consistent indication of muscle fatigue.  Because low force and repetitiveness are the major 

characteristics of computer work, EMG may not be a reliable assessment tool to evaluate 

muscle fatigue during the computer use.  

Electrical stimulation 

Electrical stimulation has been considered another objective method to quantify 

muscle fatigue.  Muscle fatigue is measured by either the ratio of contraction forces obtained 

from low (1 -20 Hz) and high (50 – 100 Hz) frequency stimulation (Byström & Kilbom, 

1991; R. H. T. Edwards et al., 1977; Mellor & Stokes, 1992) or by measuring changes in the 

force output of the muscle in response to only low frequency stimulation (Adamo, Khodaee, 

Barringer, Johnson, & Martin, 2009; Adamo, Martin, & Johnson, 2002; Bennie, Ciriello, 

Johnson, & Dennerlein, 2002; Chang et al., 2009; Peter Wallace Johnson, 1998; Peter W 

Johnson & Crenshaw, 2009).  Previous studies have demonstrated that electrical stimulation 

of the muscle is a suitable and objective method for measuring muscle fatigue (Byström & 
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Kilbom, 1991; Garner, Hicks, & McComas, 1989; V. Martin, Millet, Martin, Deley, & 

Lattier, 2004; Mellor & Stokes, 1992).   

Despite the effectiveness of electrical stimulation, the tradition approach to measure 

muscle fatigue using low and high frequency stimulation was found to be problematic due to 

muscle pain and fatigue caused by the higher frequency stimulation (Peter Wallace Johnson, 

1998).  Johnson (1998) demonstrated that his method using muscle twitch responses 

(contraction force, contraction time and one-half relaxation time) evoked by low frequency 

(2 Hz) simulation was effective in measuring muscle fatigue in finger flexors.  By monitoring 

temporal changes in muscle twitch duration and twitch force, Johnson (1998) showed that 

physiological status of the muscle can be objectively measured.    

Repeated activation of a muscle initially results in muscle potentiation (fatigue stage 

1 in Figure 1.8(a)) characterized by increase in twitch force and decrease in contraction and 

half-relaxation time (Garner et al., 1989; Gossen & Sale, 2000; Green & Jones, 1989; 

Hamada, Sale, & Macdougall, 2000; Miyamoto, Yanai, & Kawakami, 2011; Oleary, Hope, & 

Sale, 1997; Vandervoort, Quinlan, & McComas, 1983).  These studies showed that 

potentiation-mediated mechanisms delay the development of muscle fatigue.  Because of the 

protective effects of potentiation combatting the onset and development of muscle fatigue, if 

the duration of the exercise is short and/or its intensity is low, the muscle will end up in a 

state of potentiation (increased force output and a shortened contraction duration) rather than 

a state of classical muscle fatigue (decreased force output and a lengthened contraction 

duration).  If the exercise lasts long enough or requires a moderate to high force work, 

potentiation and fatigue can coexist (Fowles & Green, 2003; Grange & Houston, 1991; 

Rassier & Macintosh, 2000; Vandervoort et al., 1983).  With a combined state of potentiation 
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and fatigue (fatigue stage 2 in Figure 1.8(a)), the muscle twitch force is still elevated 

(potentiated) but lower compared to when the muscle was in a pure state of potentiation, and 

muscle twitch duration may start to lengthen (a sign of the onset of muscle fatigue).  Previous 

studies (Peter Wallace Johnson, 1998; Mellor & Stokes, 1992) have shown that lower 

frequency electrical stimulation methods were more sensitive to detect the aforementioned 

physiological changes of muscle status, which could develop during low intensity activities 

such as computer work.  Therefore, the low frequency electrical stimulation method was used 

in this study due to the sensitivity needed to measure muscle fatigue resulting from very low 

force computer activities. 

 

 

Figure 1.8 Schematic representation of muscle fatigue (a): fresh (0), potentiated (1), 
potentiated and fatigued (3) and fatigued (4) muscle twitch. The corresponding digital signals 
measured from the mouse button or keyboard presented to visualize the hypothesis 
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Other assessment tools 

In addition to EMG and electrical stimulation, other assessment tools have also been 

used to evaluate muscle fatigue.  Mechanomyography (MMG) is a method to investigate the 

mechanical activity of muscles.  Similar to EMG, but using an accelerometer mounted over 

the muscle, changes in in either amplitude and/or frequency of MMG signal can be used 

indicate muscle fatigue (Esposito, Orizio, & Veicsteinas, 1998).  Recently, sonomyography 

(SMG) has been proposed as a method to assess muscle fatigue (Shi, Zheng, Chen, & Huang, 

2007).  SMG uses ultrasound images to detect dimensional changes of muscles.  In addition, 

subjective measure of muscle fatigue such as Borg’s CR-10 scale has also been widely used 

to assess perceived fatigue and cannot be ignored because inhibitory feedback such as 

discomfort, which is a component of perceived fatigue, may proceed the actual physiological 

measurement of muscle fatigue (Valencia, 1986).  

 

1.3.  Research objectives and overview 

The objective of this dissertation was to evaluate the onset and development of 

muscle fatigue in an extrinsic finger flexor muscle as a result of intensive computer use.  The 

study will provide physiological evidence to explain associations between muscle fatigue and 

computer usage.  This study will identify whether a computer monitoring program developed 

in our lab can be used to measure and detect subtle, systematic changes in keystroke and 

mouse button-click durations.  This has not been examined before, but these subtle, 

systematic changes in keystroke and mouse button-click durations may be related to 

underlying physiological changes in the muscle and may be indicative of a computer operator 

developing muscle fatigue.  This study is not only very important because of the increasing 
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number of computer users world-wide but also because intensive computer use can lead to 

musculoskeletal problems in some computer operators.  By measuring temporal changes in 

the durations of digital signal from mouse button click and keystrokes which may be 

associated with the onset and development of muscle fatigue, it may be possible to detect 

early stages of muscle fatigue and proactively notify computer users of their fatigue; thereby 

reducing their subsequent chances of developing a computer-related musculoskeletal disorder.   

Previous studies have shown that keystroke and mouse button-click durations might 

be used as surrogate measures to indicate muscle fatigue or physical loading (Chang et al., 

2009; Komandur, Johnson, & Storch, 2008).  Chang et al. (2009) demonstrated that 

keystroke durations temporally changed in the presence of fatigue (Figure 1.9).  However, 

the fatiguing exercise in Chang’s study was much more intense (either 15% or 30% MVC) 

when compared to the actual load required during computer use (0.4 to 10% MVC); therefore, 

the findings may be neither realistic nor generalized to actual computer work.  Komandur et 

al. (2008) showed that mouse button-click durations were affected by physical loading; 

however, they did not determine whether temporal changes in mouse button-click durations 

could be used to detect physiological changes in the muscle (e.g. muscle fatigue).  Therefore, 

using the muscle twitch evoked by low frequency electrical stimulation, I want to determine 

whether muscle fatigue develops during actual computer work; and if so, whether the 

temporal fatigue-related changes in the muscle twitch durations parallel temporal changes in 

keystroke and mouse button-click durations. 
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Figure 1.9 Relationships between muscle twitch duration and keystroke durations.  Twitch 
duration is the sum of contraction time and 1/2 relaxation time. The exercise duration was 15 
minutes: the static exercise was sustained isometric contraction (constant force) at 15% MVC; 
the dynamic exercise was fluctuating force exercise (alternating between 200 milliseconds 
(ms) of 0% MVC and 200 ms of 30% MVC) (Chang et al., 2009) 

  

In order to achieve research objectives, the first aim of this dissertation (Chapter 2 

and 3) was to verify the reliability, accuracy and sensitivity of my software-based computer 

input device monitoring program for measuring keystroke and mouse button-click durations.  

In most previous studies, researchers have used either their own custom-built programs 

(Chang et al., 2007; Chang et al., 2009; Dennerlein & Johnson, 2006; Komandur et al., 2008) 

or commercial software (Blangsted, Hansen, & Jensen, 2004; van den Heuvel, de Looze, 

Hildebrandt, & The, 2003) to collect keystroke and mouse button-click durations.  Since 

these software-based programs are dependent on the computer’s Operating System (OS) or 

have to compete or share the computer’s processing power with other software programs, 

there is a chance that mouse button-click and keystroke duration measurements may not be 

reliable and accurate.  Furthermore, the software-measured keystroke and mouse button-click 
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durations may depend on the electromechanical and force-displacement characteristic of the 

switches in the computer input devices.  Based on previous studies, changes in the durations 

of keystrokes and mouse button clicks in the presence of muscle fatigue are expected to be on 

the order of a few milliseconds; accordingly the measures of keystroke and mouse button-

click durations must be accurate and sensitive enough to detect subtle changes down to a few 

milliseconds.  However, the accuracy and sensitivity of keystroke and mouse button-click 

durations measured by software-based programs has not been verified.  Therefore, it is 

critical to validate the computer monitoring software before investigating whether or not 

those measures could be accurate, robust, and sensitive enough to measure and detect subtle 

durational changes indicative of muscle fatigue.  

 After the measurement system was verified, the second aim of this dissertation 

(Chapter 4) was to determine whether muscle fatigue developed on flexor digitorum 

superficialis (FDS) during actual computer use (keyboard and mouse use) shown in Figure 

1.8(a).  The FDS is one of the extrinsic finger flexor muscles on forearm, responsible for 

flexion and the forces produce by the fingers.  An electrical stimulation method developed by 

Johnson (1998) and used in many studies (Adamo et al., 2009; Adamo et al., 2002; Bennie et 

al., 2002; Chang et al., 2009) was used to objectively assess muscle fatigue in the present 

study.  Before, during and after computer input device use, the muscle’s twitch force 

responses to electrical stimulation (contraction force, contraction time, one-half relaxation 

time) were used to identify whether temporal physiological changes in the finger flexor 

muscle occurred (Figure 1.8(a)).  Fatigue stage 3 is classical muscle fatigue characterized by 

a decrease in muscle twitch force and a lengthening of the muscle twitch duration; however, 

the classical state of muscle fatigue is usually only observed after moderate to high intensity 
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work.  Since the forces required to operate computer input devices are low (0.4 to 10% 

MVC), I hypothesize that actual computer use will result in intermediate stages of muscle 

fatigue (Stage 1 and 2 in Figure 1.8(a)) instead of the classical fatigue; and that these 

intermediate stages of muscle fatigue can be identified when there are systematic temporal 

changes in the keystroke and mouse button-click durations (Figure 1.8(b)). 

 In summary, the study objective was to investigate whether physiological changes in 

the muscle (i.e. muscle fatigue) can be evaluated using computer activity measures: mouse 

button-click and keystroke durations.  The ultimate goal of the present study was to provide a 

non-invasive way of identifying physiological changes in the muscles which may be 

indicative of muscle fatigue, proactively notify the computer operator of these changes, and 

subsequently reduce a computer operator’s chances of developing computer-related MSDs.   
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Chapter 2 - Validation of computer interaction monitoring 

program1 
 

Abstract 

Intensive computer use has been associated with musculoskeletal disorders (MSDs).  

Although the underlying mechanisms are still not fully understood, muscle fatigue is thought 

to be a contributing factor.  Previous studies have shown that keystroke durations are related 

to muscle twitch durations and may be used as a surrogate measure of muscle fatigue.  

Software programs have been developed to measure keystroke durations; however, the 

accuracy of these programs may be influenced by the processing power of the subject’s 

computer and/or the operating system (OS).  While 17 subjects performed a series of eight 

standardized typing tasks over an 8-hour period, keystrokes were collected and analyzed to 

determine whether there were any differences between keystroke durations measured by an 

OS-dependent software program residing in the subject’s computer and keystroke durations 

collected directly from the keyboard cable before reaching the computer using a USB 

analyzer (gold standard).  The results demonstrated that the OS-dependent software program 

underestimated keystroke durations by 3.8 ms (99.6 ± 3.1 vs. 102.9 ± 3.2 ms; p < 0.0001); 

however, based on the results from the 17 subjects and 8 temporal measurements, keystroke 

durations were highly correlated between the two systems (r = 0.994).  Despite the small 

differences, the high individual and temporal correlations between systems indicated that the 

software program could be used to detect small difference and small temporal changes in 

keystroke durations.   

 

                                                           
1
 61

th
 Annual Industrial Engineering Research Conference, Reno, NV (abstract) 

  33
rd

 International Conference of the IEEE Engineering in Medicine and Biology Society, Boston, MA (full paper) 
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2.1.  Introduction 

Intensive computer use has been known to increase the risk of developing 

musculoskeletal disorders (MSDs) (Bergqvist, Wolgast, Nilsson, & Voss, 1995; Blatter & 

Bongers, 2002; Fredric Gerr et al., 2002; Marcus et al., 2002).  Physical or biomechanical 

risk factors for MSDs include force, repetition, posture and the duration and distribution of 

these exposures (S. Ijmker et al., 2007; D. M. Rempel et al., 1992; Tayyari & Smith, 1997).  

Previous studies have already shown that the rapid and repetitive finger movements during 

keyboard use and prolonged static muscle loading during mouse use are associated with 

upper extremity MSDs (Chang et al., 2007; S. Ijmker et al., 2007; Jensen et al., 2002). 

Since most work-related MSDs develop from the accumulation of micro trauma to the 

soft tissues (muscles, tendons, ligaments and nerves) over time (Punnett & Wegman, 2004), 

an early detection of physiological changes (i.e. muscle fatigue) may reduce a computer 

operator’s subsequent chances for developing MSDs.  In order to detect computer-related 

muscle fatigue in field settings, it is essential to have a reliable and non-invasive muscle 

fatigue assessment method.  There are lab-based methods to measure muscle fatigue 

(electrical stimulation of the muscle, electromyography, mechanomyography, etc.); however, 

these methods may not be suitable in field-based studies due to invasiveness, portability and 

cost. 

Using software that measured the duration of the digital ON/OFF signal, Change et 

al., (2009) found that keystroke durations changed in the presence of muscle fatigue and 

paralleled fatigue-related changes measured from muscle twitch durations in the finger flexor 

muscles.  Using similar software, Komandur et al., (2008) demonstrated that mouse button-

click durations may also be a surrogate measure for finger flexor muscle twitch durations.  . 
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The accuracy of these software programs for measuring keystroke and/or mouse 

button click durations have never undergone rigorous validation and may depend on the 

computer and/or Operating System (OS).  Some studies have verified the performance of 

these OS-dependent software programs (Blangsted et al., 2004; Hwang, Wang, Liang, & Luh, 

2009); however, these studies only validated the software’s performance for measuring the 

total number of keystrokes and mouse button clicks and the total duration of computer use 

(Blangsted et al., 2004; Hwang et al., 2009) but not the individual keystroke or mouse 

button-click durations .  

If temporal changes in keystroke and/or mouse button-click durations can be used as 

surrogate measure of muscle fatigue, we need to be sure that our software-based monitoring 

programs have the accuracy and sensitivity to measure and detect small differences or 

changes in keystroke and mouse button-click durations.  Therefore, the present study was 

conducted to assess the accuracy and sensitivity of a LabVIEW-based software program 

developed in the Ergonomics Lab at the University of Washington for measuring keystroke 

durations and detecting small differences and/or changes in keystroke durations while 

subjects completed a series of eight standardized typing tasks over an 8-hour period. 

 

2.2.  Methods 

2.2.1 Subjects 

Through e-mail solicitations (Appendix A), a total of 17 subjects including 8 males 

and 9 females were recruited to participate in this experiment.  All the participants were 

touch-typists without a history of upper extremity MSDs.  The average typing speed was 59.2 

(SD 13.3) words per minute (WPM), ranging from 42 to 85 WPM.  The average age of the 
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participants was 23.8 (SD 4.1) years old, ranging from 20 to 34 years.  The experimental 

protocol was approved by the Human Subject Committee at the University of Washington 

(IRB#: 38609), and all subjects provided their written informed consent before participating 

in the experiments. 

2.2.2 Experimental design 

The experiment was a repeated measures design where the keystroke durations were 

measured from each subject for 2 minutes over eight time periods which spanned 8-hours. 

The subjects typed on a standard keyboard (model SK-8115; Dell Inc; Round Rock, TX) and 

were instructed to type at their own pace mimicking their actual typing habits.  The 

workstation was adjusted based on subject’s anthropometric data in accordance with 

ANSI/HFES 100-2007.  

 

 

Figure 2.1 The configuration of measurement systems including the external USB logger 
and software program. 
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During the typing tasks, keystroke durations were measured by both an external USB 

logger (USB Explore 200 Professional Edition; Ellisys Inc; Geneva, Switzerland) and a 

computer monitoring program developed using LabVIEW software (Version 7.1; National 

Instruments; Austin, TX, USA).  The external logger collected keystroke durations directly 

from the keyboard with the precision of ± 17 nanoseconds and saved the keystroke duration 

data on a separate host computer (Figure 2.1). In parallel, the LabVIEW-based computer 

monitoring program, installed in the subject’s computer, registered keystrokes with a 

resolution of approximately ± 5 milliseconds (ms).  As shown in Figure 2.1, the major 

difference between systems was the LabVIEW-based program was subject to program 

specific delays, plus any potential delays associated with the probabilistic operation of the 

Windows Operating System, which could be up to 20 ms.  In comparison, the external USB 

logger was not affected by OS, other software programs, or delays since it registered all the 

digital signals directly from the keyboard’s USB cable before the digital signals reached the 

subject’s computer.  

2.2.3 Data analysis 

Since one of the ultimate goals of this dissertation is to compare the keystroke 

durations with ballistic/rapid muscle twitch contractions, only ballistic keystrokes from the 

alphabetic keys were analyzed.  Other keys such as space, shift, control, alt, numeric and 

functional keys were omitted from the analysis since these keys likely have different or non-

ballistic key activations. 

The statistical analysis was conducted in JMP (Version 8.0.2; SAS Institute Inc.; Cary, 

NC, USA).  A mixed model with restricted maximum likelihood estimation (REML) was 

used to determine whether there were differences in keystroke durations measured by the 
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external USB logger and the software program.  In the model, the device and measurement 

time were included as fixed effects while subject was included as a random effect. 

2.3.  Results 

The external USB logger collected a total of 27,136 keystrokes from all the 

participants whereas the software-based program collected 27,035 keystrokes, a difference of 

101 keystrokes or 0.37% of the total keystrokes collected.  The keystroke durations measured 

by the software program were significantly shorter than those measured by the external 

logger (99.6 ± 3.1 vs. 102.9 ± 3.2 ms; p < 0.0001) (Figure 2.2(a)).  The software-based 

measures were almost perfectly correlated with the logger-based measures (r=0.994).  That is, 

these differences between two measurement tools were consistent at the individual level 

(Figure 2.2(b)). 

 

Figure 2.2 Comparison of external-logger-based and software-based keystroke durations: (a) 
the differences in keystroke durations between the external USB logger and software 
program; (b) a linear fit and correlation between the two different measures. Asterisk denotes 
statistical significance (p < 0.05).  The dotted line is the identity line. [n = 17] 
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The keystroke durations did not differ across the eight measurement times (p = 0.84).  

The interaction between the device and measurement time was not significant (p = 0.87), 

meaning that the keystroke durations measured by the software program were consistently 

shorter than those measured by the external logger (Figure 2.3).     

 
Figure 2.3 The differences in keystroke durations between the external USB logger and 
software program across the eight measurement times.  [n = 17] 

 

2.4.  Discussion 

Previous studies have shown that small, systematic changes in software-measured 

keystroke durations may be used to indicate temporal physiological changes in the fatigue 

status of the muscle (Chang et al., 2009).  To measure small subtle changes in keystroke 

durations, a software program should have both the accuracy and sensitivity needed to detect 

small changes in keystroke durations.  Therefore, the present study evaluated the sensitivity 

and accuracy of a software program for measuring keystroke durations.  In order to use small, 
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systematic changes in keystroke durations as a surrogate measure of muscle fatigue, the data 

collection tool must have the requisite sensitivity and accuracy.  Therefore, we evaluated the 

sensitivity and accuracy of a software-based keystroke duration measurement program 

against an external USB logger which measured keystroke durations directly from the 

keyboard.  

  The results indicated that the software program underestimated keystroke durations 

by approximately 4 ms or 4% on average when compared to the external USB keystroke 

logger.  Furthermore, the software program missed a small fraction (0.37%) of the total 

number of keystrokes.  Although the keystroke durations measured by the two systems were 

significantly different, the correlation between the software- and logger-based measures was 

almost perfect for the subject based correlation (r = 0.994), with the fitted line (with the slope 

of 1.03) very closely approximating the identity line (the red dotted line, slope = 1.0).  In 

addition, the small subject-based and temporal differences in keystroke durations, down to a 

few milliseconds, were identified by the software-based tool.  Therefore, the keystroke 

durations measured by the software program accurately mirrored the keystroke durations 

measured directly by the external USB logger, with exception of a small, constant bias.  As 

shown by the small subject-based differences, this bias, however, does not affect the ability 

of the software-based program to detect small differences in keystroke durations. 

The keystroke durations did not vary across the eight measurements which spanned 

the eight-hour measurement period.  This result indicated that the study apparently did not 

cause or induce any fatigue-related changes on keystroke durations.  Despite the small, 

insignificant temporal differences across the eight measurements, the software-based 

measures paralleled the logger-based measures (Figure 2.3). In other words, the software 
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program was sensitive enough to detect the small temporal changes captured by the external 

USB logger. 

Although we assumed that the software program may depend on OS and computer 

processing power, the tests were only conducted on one computer.  Therefore, future studies 

could investigate computers with different processing speeds and different variants of the 

Windows Operating Systems.  Furthermore, since mouse click duration may also be used as a 

surrogate measure to indicate muscle fatigue, it would be beneficial to evaluate the software 

program’s sensitivity and accuracy for mouse button click durations.  However, since the 

processing the digital signals from the mouse button are identical to the processing of 

keystrokes, the results for the mouse button-click duration should be very similar if not 

identical.  

In conclusion, our software program appears to have the sensitivity and accuracy for 

detecting small subject- and time-dependent changes in keystroke durations; therefore, it may 

be a viable exposure assessment tool for detecting small, systematic temporal changes in 

keystroke durations.  Ultimately, these small, systematic changes in keystroke durations may 

be used to proactively detect when computer operators may be developing muscle fatigue 

and reduce a computer operator’s subsequent chances of developing a computer-related MSD.  
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Chapter 3 - Viability of Using Digital Signals from the 

Keyboard to Capture Typing Force Exposures2 
 

 

Abstract 

Although previous studies have shown that systematic temporal changes in keystroke 

durations may be used as surrogate measures of muscle fatigue, software-based keystroke 

duration may be adversely affected by keyboards with different keyswitch force-

displacement characteristics.  Therefore, the purpose of this study was to use a force platform 

to measure keystroke durations from the individual keystroke force profile and compare them 

to software-based keystroke duration measures in order to determine whether the software-

based keystroke durations were accurate surrogate measures for the force-derived keystroke 

durations (gold standard).  A total of 13 subjects typed for 15 minutes each on three 

keyboards with roughly the same activation force (0.6 N) but with three different key travel 

distances (1.8, 2.0, and 4.0 mm).  The results showed that the software-based keystroke 

durations closely mirrored and approximated the true force-derived keystroke durations, 

regardless of the keyboard force-displacement characteristics.  Furthermore, the subject-

dependent correlations indicated that the software-based keystroke durations accurately 

reflected the small differences in the true force-derived keystroke durations.  Since small 

temporal changes in the force-derived keystroke durations are most closely related to the 

physiological fatigue-based changes in the force output of the muscle, the fact that software-

based keystroke durations closely mirrored the force-derived keystroke durations indicates 

the software-based keystroke durations are also closely tied to physiological, fatigue-based 

                                                           
2
 Journal, Ergonomics (in press) 
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changes in the force output of the muscle Ultimately, we hope these small changes in 

keystroke durations may be used as a surrogate cost-effective measure to identify muscle 

fatigue and to proactively notify a computer user when they are developing muscle fatigue; 

therefore, reducing their subsequent chances of developing a computer-related  

musculoskeletal disorder. 

 

3.1.  Introduction 

Although intensive computer use has been associated with musculoskeletal disorders 

(MSDs) in the upper extremities (Chang et al., 2009; F. Gerr et al., 2006), the association 

between computer use and MSDs has long been debated.  Recently, Ijmker et al (2011) and 

Gerr and Fethke (2011) revived the debate on this issue.  A part of main reasons for this 

longstanding debate may be due to the lack of clinical diagnosis for MDS despite a high 

prevalence of self-reported symptoms (Waersted, Hanvold, & Veiersted, 2010).  Also, a main 

reason for this longstanding debate is that the exposure-response relationship between 

computer use and MSD-related injuries are not fully understood.  Developing an adequate, 

non-invasive, cost-effective, exposure assessment method for large scale epidemiological 

studies on computer use could contribute to the growing body of knowledge on potential 

injury underlying mechanisms.     

Previous studies have shown that rapid and repetitive finger movements during 

keyboard use and prolonged static muscle loading during mouse use are associated with 

upper extremity MSDs (S. Ijmker et al., 2007; D. M. Rempel et al., 1992; Tayyari & Smith, 

1997).  Most work-related MSDs develop from the accumulation of micro trauma to the soft 

tissues (muscles, tendons, ligaments and nerves) over time (Punnett & Wegman, 2004) and 
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muscle fatigue is believed to be a precursor to MSDs (D. M. Rempel et al., 1992). 

Accordingly, an early detection of the physiological detriment (i.e. muscle fatigue) may 

reduce a computer operator’s subsequent chances for the onset and development of a 

computer-related MSD.  There are several laboratory-based assessment tools to objectively 

measure muscle fatigue (electrical stimulation, electromyography, and mechanomyography); 

however, due to their invasiveness, lack of portability and cost, these measurement tools may 

not be appropriate for measuring computer-related muscle fatigue in field-based or 

occupational settings. 

An exposure-response relationship has been shown between muscle fatigue and its 

effect on keystroke durations.  Chang et al. (2009) showed that keystroke durations measured 

from individual keystrokes systematically changed in the presence of muscle fatigue.  In 

Chang’s study, muscle fatigue was assessed by measuring the muscle’s twitch force response 

(twitch force and twitch duration) to electrical stimulation.  Chang found that the temporal 

changes in the muscle’s twitch force response, which was indicative of fatigue, was mirrored 

by the temporal changes in keystroke durations, and therefore concluded that small, 

systematic temporal changes in keystroke durations may be an objective surrogate measure 

of muscle fatigue.  Because the small, systematic temporal changes are usually small (2 to 10 

milliseconds), a reliable assessment tool to measure small, systematic, temporal changes 

keystroke durations has to be accurate and sensitive. 

Keystroke durations can either be measured non-invasively using keyboard 

monitoring software or more invasively using a force platform mounted under the keyboard.  

Force platforms have been used to objectively assess typing force exposures including force, 

frequency, and duration of keystrokes (Jindrich, Balakrishnan, & Dennerlein, 2004a, 2004b; 
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Radwin & Jeng, 1997; Radwin & Ruffalo, 1999; D. Rempel, Dennerlein, Mote, & 

Armstrong, 1994).  Keyboard monitoring programs can provide information on keystroke 

frequency and duration; however, it is not known whether keyboard force-displacement 

characteristics affect the measurement of keystroke durations.  The software-based keystroke 

durations may be affected by the electromechanical make- and release-point when the key is 

pressed and released, whereas keystroke durations measured by force platforms will not 

affected by the electromechanical differences in keyswitch designs.  The tradeoff between 

the two methods is cost and methodological complexity.  For large-scale epidemiological 

studies, force platforms may not be appropriate due to their invasiveness and cost.  In 

addition, since small temporal changes in the force-derived keystroke durations are most 

closely related to physiological fatigue-based changes in the force output of the muscle, if the 

software-based keystroke durations closely mirror the force-derived keystroke durations, then 

the software-based keystroke durations will also be a surrogate for the physiological, fatigue-

based changes in the force output of the muscle, 

Therefore, using keyboards with different force-displacement characteristics, this 

study used a force platform to measure the keystroke durations directly from individual 

keystroke force profiles and compared them to software measured keystroke durations.  The 

purpose of the study was to determine whether the software measured keystroke durations 

derived from the digital signal were related to the force-derived keystroke durations and 

could be used as a non-invasive, surrogate measure in lieu of the more invasive 

measurements collected with a force platform. 
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3.2.  Methods 

3.2.1 Subjects 

Through e-mail solicitations (Appendix B), a total of 13 subjects including 6 males 

and 7 females were recruited to participate in this study.  All participants were right-handed 

touch typists with no history of upper extremity MSDs.  The average age of the participants 

were 26.9 years old (SD: 7.9), ranging from 20 to 49 years old. Their average years of 

computer use were 13.4 years (SD:  4.9).  The experimental protocol was approved by the 

Human Subject Committee at the University of Washington (IRB# 37905), and all subjects 

provided their written informed consent before participating in the experiments. 

3.2.2 Experimental design 

The experimental task consisted of having subjects type for 15 minutes each on the 

three keyboards which were mounted on top of a force platform.  The workstation was 

adjusted based on the subject’s anthropometry in accordance with ANSI/HFES 100-2007. 

The chair was adjusted so the subject’s feet rested firmly on the floor.  With subjects relaxing 

their shoulders, resting their arms comfortably at their side and forming roughly a 90 degree 

angle at the elbow, the height of the workstation was adjusted so the table height was set at 

approximately 2 cm below elbow height.  However, subjects were instructed not to rest their 

hands or wrists on the keyboards or the force platform in order to prevent static resting forces 

from becoming an additional component of measured typing forces.  The monitor was placed 

at arm’s reach with the top of the viewing portion of the screen just below eye level and the 

keyboard had the spacebar centered on the subject’s body.  
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Figure 3.1 Force-displacement curves of three keyboards: 1.8, 2.0, and 4.0 mm. The solid 
dots indicate the activation forces (make point) and the dashed lines the travel distances.  T1.8, 
T2.0, and T4.0 are the distances between the beginning and the end of key travel for 1.8, 2.0, 
and 4.0 mm keyboards, respectively.  

 

The three keyboards tested, which had different keyswitch force-displacement 

characteristics, included: 1) a keyboard with 4.0 mm of key travel (Model SK-8115; Dell Inc; 

Round Rock, TX), 2) a keyboard with 2.0 mm of key travel (Model HP G62; Hewlett 

Packard Inc.; Palo Alto, CA) and 3) a keyboard with 1.8 mm of key travel (Model HP Envy; 

Hewlett Packard Inc.; Palo Alto, CA).  Force-displacement characteristics of all three 

keyboards are shown in Figure 3.1.  The keyboard with 4.0 mm travel distance had rubber 

dome switches whereas the keyboards with 2.0 and 1.8 mm of key travel distance had scissor 

switches.  The activation forces on all the keyboards were approximately 0.6 N.  The order of 
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keyboard use was counterbalanced to minimize any potential confounding due to keyboard 

testing order. 

 

Figure 3.2 Experimental setup and schematic comparisons of the measurement methods: the 
red and blue solid line represents the force profile and digital signal of an individual 
keystroke, respectively. 
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For the typing task, a typing program (Mavis Beacon Teaches Typing - Platinum 

Edition A; Broderbund Software, Inc.; Novato, CA, USA) was used to evaluate typing 

performance including typing speed and accuracy.  During the typing tasks, keystroke 

durations were simultaneously collected from the force platform and the keyboard at 500 Hz.  

The force platform consisted of a 36 cm x 18 cm aluminum plate mounted on top of a 

force/torque transducer (Mini-40E; ATI Inc.; Apex, NC).  Testing over the full area of the 

force platform demonstrated that the absolute mean force measurement errors over a 0 to 4 N 

range were less than 10%.  The keyboards were placed on the force platform with the “H” 

key of each keyboard centered over the force transducer.  A thin piece of plexiglass 

surrounded the force platform to offset the height of the platform and create a flat 

worksurface. The detailed experimental setup is shown in Figure 3.2. Only typing force in 

the z-direction (downward forces) were analyzed. 

3.2.3 Data analysis  

The statistical analysis was conducted in JMP (Version 8.0.2; SAS Institute Inc.; 

Cary, NC, USA). A mixed model with restricted maximum likelihood estimation (REML) 

was used to determine whether there were differences in keystroke durations measured by 

digital keystroke signals and applied individual keystroke force profiles. In the model, 

keystroke duration measurement method (digital or force-based), keyboard, hand, and finger 

were included as fixed effects while subject was included as a random effect.  The Tukey-

Kramer method for multiple comparisons was used to test whether there were differences in 

keystroke durations between the keyboards.  In addition, linear regression methods were used 

to determine how well the software-based keystroke durations approximated the force-based 
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measures.  All data are presented as mean and standard error; and significance was noted 

when Type I error was less than 0.05. 

3.3.  Results  

3.3.1 Software-based measures  

The software-based keystroke durations from the 1.8, 2.0, and 4.0 mm travel 

keyboards were 131.7 (± 5.48), 122.5 (± 5.46), and 94.4 (± 5.48) milliseconds (ms), 

respectively (Figure 3.4(a)). This result indicated that the software-based keystroke durations 

were dependent on key force-displacement characteristics (p < 0.0001).  The keystroke 

durations from the non-dominant left hand were 15.1 ms or approximately 15% longer than 

those from the dominant right hand on average (p < 0.0001) (Figure 3.3 (a)).  In addition, the 

keyboard by hand interactions were not significant (p = 0.29); that is, the dominant right 

hand had shorter keystroke durations than the non-dominant hand regardless of the 

keyboards.  Despite a significant hand by finger interactions (p < 0.0001), the keystroke 

durations from the little and ring fingers were longer than those from index and middle 

fingers (p < 0.0001) as shown in Figure 3.3(b).  Lastly, although the keyboard by finger 

interactions were significant (p < 0.0001), all the keyboards showed a similar pattern where 

the little and ring fingers had longer keystroke durations relative to the index and middle 

fingers (Figure 3.3(e)).   

3.3.2 Force-based measures 

The force-based keystroke durations from the 1.8, 2.0, and 4.0 mm travel keyboards 

were 119.3 (± 5.9), 111.3 (± 5.9), and 116.2 (± 5.9) milliseconds (Figure 3.4(a)), respectively 

(p = 0.07). When compared to the software-based keystroke durations between keyboards, 

the range of the differences in force-based keystroke durations between keyboards was 
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smaller.  Similar to the software-based keystroke durations, the force-based keystroke 

durations from the non-dominant left hand were 10.6 ms or approximately 10% longer than 

those from the dominant right hand (p = 0.007) on average (Figure 3.3(c)).   

 

Figure 3.3 Comparisons of software-based keystroke durations [n = 13]: (a) by hand; (b) by 
finger and hand; (e) by finger and keyboard. Comparisons of force-based keystroke durations: 
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(c) by hand; (d) by finger and hand; (f) by finger and keyboard. Asterisks denote statistical 
significance (p < 0.05).  

In addition, there were significant differences in keystroke durations across fingers (p 

< 0.0001); the keystroke durations from the ring and little fingers were longer than those 

from the index and middle fingers (Figure 3.3(d)).  Although the keyboard by hand 

interactions were significant (p = 0.014), the keystroke durations from the right hand were 

consistently shorter than those from the left hand.  The differences between the right and left 

hand on 1.8 mm keyboard were slightly smaller than those on 2.0 and 4.0 mm keyboards.  

Despite the significant keyboard by finger interactions (p=0.0005), the little and ring fingers 

had consistently longer keystroke durations across all the keyboards (Figure 3.3(f)).  Lastly, 

the hand by finger interactions were significant (p < 0.0001), indicating that finger-related 

differences in keystroke durations varied depending on hand (Figure 3.3(d)). 

3.3.3 Difference between software and force-based measures 

The results showed that there were significant differences between the keyboards in 

the software-measured keystroke durations (p < 0.0001) whereas the differences in the force-

based measures between keyboards were not as large (p = 0.07).  The differences between 

the software- and force-based keystroke durations on 1.8, 2.0, and 4.0 mm travel keyboards 

were 12.2 ± 1.9 (p = 0.001), 10.6 ± 1.9 (p = 0.001), and -21.8 ± 1.9 (p < 0.0001) 

milliseconds, respectively.  Despite the significant differences, the software-based keystroke 

durations were highly correlated with the force-based measures (Figure 3.4(b-d)). 
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Figure 3.4 Comparisons of software- and force-based keystroke durations [n = 13]: (a) the 
differences in the two measures grouped by keyboard; (b-c) linear fits and correlations 
between the keystroke durations measured from digital signals (software) and applied finger 
forces (force platform) on 1.8, 2.0, and 4.0 mm keyboard, respectively. The numbers on 
regression plots (b-c) represent subjects. Asterisks denote statistical significance (p < 0.05). 
The dotted red lines are the identity lines. 

 

3.3.4 Typing forces 

Typing forces by keyboard, hand, and finger are summarized in Figure 3.5.  The 

results showed that there were keyboard- and finger-related differences in typing forces (p = 

0.0003 and 0.0001, respectively) whereas the mean typing forces did not vary by hand (p = 
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0.47) (Figure 3.5(a)).  In addition, the two-way interactions between keyboard and hand 

(Figure 3.5(b)) indicated that differences in keystroke forces between hands were dependent 

on the keyboard.  The significant interactions (p < 0.0001)between hand and finger (Figure 

3.5(c)) indicated the little fingers had greater differences in keystroke forces when compared 

to the other fingers with the force differences between the left and right fingers opposite of 

the other fingers (higher force in the left rather than right little finger) . 

 

Figure 3.5 Comparisons of mean keystroke forces [n=13]: (a) by keyboard and by hand; (b) 
by hand and keyboard; (c) by finger and hand; (d) by finger and keyboard. Asterisks denote 
statistical significance (p < 0.05). 
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3.4.  Discussion 

Using keyboards with different keyswitch force-displacement characteristics, the 

present study tested the hypothesis that keystroke durations measured from the keyboard’s 

digital signals approximates those measured from the keystroke force profiles.  The results 

showed that the force-based keystroke durations were strongly associated with software-

based durations, supporting our hypothesis that the software-measured keystroke durations 

derived from the digital signals could be used as a non-invasive, cost-effective, surrogate 

exposure measure in lieu of the more invasive force measurements.  In addition, since small 

temporal changes in the force-derived keystroke durations are most closely related to the 

physiological fatigue-based changes in the force output of the muscle, the fact that software-

based keystroke durations closely mirrored the force-derived keystroke durations indicates 

the software-based keystroke durations are also closely tied to physiological, fatigue-based 

changes in the force output of the muscle. 

The results showed that the differences in keystroke durations between keyboards 

were greater with the software-based measures compared to the force-based measures.  This 

was not surprising since the applied force profiles were not affected by the electromechanical 

differences in keyswitch designs whereas digital signal durations were dependent on the 

electromechanical and force-displacement differences across keyboards.  Although the 

software-based keystroke durations appeared to be more dependent on the force-

displacement characteristics of the keyboard and therefore different from force-based 

keystroke durations, the software-based measures demonstrated similar hand- and finger-

related differences to force-based keystroke durations.  Furthermore, the high correlation 

between the two different measures (Figure 3.4(b-d)) indicated that the software-based 
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keystroke durations, with the exception of the small constant bias, closely mirrored the true 

force-based keystroke durations. 

The present study revealed that the force-based keystroke durations from the non-

dominant left hand were approximately 10 % longer than those from the dominant right hand 

on average (Figure 3.3(c)).  This hand-related difference in keystroke durations may be due 

to strength-related differences between hands.  Numerous studies have suggested that the 

dominant hand is significantly stronger than the non-dominant hand (C. A. Armstrong & 

Oldham, 1999; Crosby & Wehbe, 1994; Petersen, Petrick, Connor, & Conklin, 1989).  Given 

that there were no differences in applied forces between hands (p = 0.47), the strength-related 

differences between hands may have resulted in higher relative load and therefore longer 

keystroke durations in the weaker non-dominant left hand.  Interestingly, this hand-related 

difference in force-based keystroke durations was also captured by the software-based 

keystroke durations.  This finding also demonstrated that software-based keystroke durations 

would be a viable surrogate measure for force-based keystroke durations.       

The results also demonstrated that there were significant differences among fingers in 

the force-based keystroke durations (p < 0.0001); the keystroke durations from the ring and 

little fingers were longer than those from index and middle fingers (Figure 3.3(d)).  The ring 

and little fingers are known to be 50 to 60 % of the strengths of the index and middle fingers 

(Dickson, Nicolle, Calnan, & Petrie, 1972; B. J. Martin et al., 1996; Radwin & Jeng, 1997).  

The differences in mean keystroke forces between fingers were small (at most, 0.12 N) but 

statistically significant (Figure 3.5(c)) and paralleled the differences in finger strengths.  

Given the similar mean keystroke forces and different strengths of fingers, the relative 

workload on the weaker ring and little fingers would be approximately two-fold greater than 



51 
 

that on the index and middle fingers.  This higher relative workload may explain the longer 

software- and force-based keystroke durations on the weaker ring and little fingers.  The 

software-based keystroke durations not only mirrored the hand-based differences but they 

also mirrored the finger-related differences in the force-based keystroke durations.  This 

finding may imply that the relative load on fingers during keyboard typing could be 

optimized by designing key activation forces to be proportional with the respective strengths 

of the fingers.   

The keyboard-related differences in applied finger forces may also be related to force-

displacement differences between keyboards.  Previous studies showed that the travel 

distance and key activation forces also affect typing forces (Radwin & Ruffalo, 1999; D. 

Rempel, Tittiranonda, Burastero, Hudes, & So, 1999).  According to Figure 3.1, the 1.8 and 

2.0 mm keyboard had a similar activation force (0.6 N) and travel distance to the make point 

(0.6 mm) whereas 4.0 mm keyboard had longer travel distance to the make point (1.2 mm), 

less key stiffness (more gradual slope) and a greater overall key travel.  Also, the differences 

in applied finger forces between 1.8 and 2.0 mm keyboard may be due to differences in travel 

distances or key feel, with the difference being the key feel or the difference in travel 

distance from the make point and the end of key travel (T1.8 and T2.0 in Figure 3.1).  These 

differences in the shape of the force-displacement curves may have resulted in the different 

applied finger forces between the keyboards.     

The significant hand by finger interaction in applied finger forces indicated that the 

finger-related differences in applied forces were more pronounced on the non-dominant hand 

(Figure 3.5(c)).  This may be explained by potential differences in typing biomechanics 

between the two little fingers.  That is, the right little finger has only one designated alphabet 
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key, p, whereas the left little finger has three keys, a, q, z.  Since p key is located in the upper 

row among the alphabetical keys, biomechanical movements of the right little finger may be 

different than those from the left little finger where the keystrokes are spread across all three 

alphabetic rows.  Previous studies have shown that finger postures affect finger joint 

characteristics and therefore determine applied finger forces during keyboard typing (Jindrich 

et al., 2004a, 2004b; Wu et al., 2008).  The postural differences between the right and left 

little finger may have also contributed to the significant hand by finger interaction.  Given the 

known strength differences among the fingers, the relative applied forces would be highest in 

the left little finger.  This would imply that the left little finger had to exert the greatest 

relative force and had the greatest difficulty in activating the keys; consequently, it would be 

reasonable to expect the left little finger to have the longest keystroke durations.  In fact, the 

force-based keystroke durations revealed the hand by finger interactions (Figure 3.3(d)), 

indicating that the left little finger had disproportionately longer keystroke durations.  This 

phenomenon was also captured by the software-based keystroke durations (Figure 3.3(b)).  

According to the direct relationships between applied finger force and key activation force 

discussed in the previous paragraph, the higher relative applied forces of the left little finger 

could be reduced by adjusting the key activation forces to be proportional to finger strength. 

In conclusion, the study findings indicated that software-based keystroke durations 

derived from the digital signals approximated the true force-derived keystroke durations, 

independently of the keyswitch force-displacement characteristics.  Therefore, the software-

based keystroke durations, which can be readily and non-invasively measured by software 

programs installed on the user’s computer, could potentially be used as a surrogate, force-

based duration measure in lieu of the more complicated, expensive and invasive force 
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platform derived measurements.  The loss of being able to measure the actual peak and mean 

force exposures is the limitation of basing keystroke force duration measurements on the 

keyboard’s digital signals, as force-based measures provide important potential interests as a 

source of feedback to the users (Samani, Holtermann, Sogaard, & Madeleine, 2010).  

However, the gain is the simplicity, low cost and ability to collect large samples using 

software-derived keystroke frequency and duration measures for epidemiological purposes.  

In addition, the study results also indicate that hand- and finger-based differences in 

keystroke durations and applied finger forces could be minimized by scaling keyboard 

activation forces to be proportional to some measure of finger strength.  This may imply that 

the current paradigm of designing keyboards with the same fixed activation force for all 

fingers may not be optimal.  Hence, it might also be worthwhile to investigate if adjusting 

activation forces of individual keys by finger and/or hand strength may be beneficial. 
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Chapter 4 - Viability of using keystroke and mouse button-

click durations to measure muscle fatigue 
 

 

Abstract 

The present study investigated whether intensive keyboard and mouse use resulted in muscle 

fatigue and whether keystroke and mouse button-click durations systematically changed and 

paralleled with the temporal changes in muscle twitch durations during exposure and 

recovery periods.  Based on the objective measures of muscle fatigue (the muscle’s twitch 

force response to electrical stimulation), the results indicated that intensive keyboard use, 

intensive mouse use, and combined intensive mouse and keyboard use all caused muscle 

fatigue with the different degree of muscle fatigue between the three conditions.  An 

intermediate state of muscle fatigue was observed during, mouse use and combined keyboard 

and mouse use; keystroke durations systematically changed in these conditions and paralleled 

the temporal changes in muscle twitch durations.  However, the changes in mouse button-

click duration did not mirror the temporal changes in muscle twitch durations.  The important 

outcome of this study was documenting that muscle fatigue does result from intensive mouse, 

keyboard and combined mouse and keyboard use.  Intensive mouse use was associated with 

the greatest levels of muscle fatigue and parallels injury trends seen in the workforce - a 

greater number and a greater severity of injuries are associated with mouse use.  Preliminary 

results indicate, by monitoring for systematic changes in keystroke duration, we may be able 

to turn the computer operator’s own keyboard into an exposure assessment device which may 

ultimately reduce computer-related injuries.  Using the mouse in a similar fashion was not 

successful but merits further investigation. 
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4.1.  Introduction 

Computer use has been associated with musculoskeletal disorders (Bergqvist et al., 

1995; Chang et al., 2009; Fredric Gerr et al., 2002).  Although exact underlying mechanisms 

have not been well understood, muscle fatigue may be a precursor to MSDs (Punnett & 

Wegman, 2004; D. M. Rempel et al., 1992; Takala, 2002).  Muscle fatigue can be identified 

by monitoring changes in physiological status of the muscle (Figure 4.1).  Therefore, an early 

detection of these physiological changes may help reduce occurrences of computer-related 

MSDs.   

Repeated activation of a muscle initially results in muscle potentiation characterized 

by increase in twitch force and decrease in contraction and half-relaxation time (Garner et al., 

1989; Gossen & Sale, 2000; Green & Jones, 1989; Hamada et al., 2000; Miyamoto et al., 

2011; Oleary et al., 1997; Vandervoort et al., 1983) (Figure 4.1).  Muscle potentiation can 

result from both involuntary contractions as a result of subjecting a muscle to electrical 

stimulation (posttetanic potentiation) contractions and voluntary contractions (postactivation 

potentiation) as a result of exposing a muscle to physical work (MacIntosh et al., 2006).  

Potentiation is thought to be due to either the phosphorylation of myosin regulatory light 

chains (Grange, Vandenboom, & Houston, 1993; Houston, Green, & Stull, 1985; Palmer & 

Moore, 1989) which increases the sensitivity of myosin heads to Ca2+ (Fowles & Green, 

2003; Metzger, Greaser, & Moss, 1989; Sweeney & Stull, 1990) or the increased cytosolic 

Ca2+ concentration which facilitates the binding of the contractile proteins (Allen et al., 1989; 

Green & Jones, 1989).  These potentiation-mediated mechanisms are thought to delay the 

development of muscle fatigue.  Because of the protective effects of potentiation combatting 

the onset and development of muscle fatigue, if the duration of the exercise is short and/or its 
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intensity is low, the muscle will end up in a state of potentiation (increased force output and a 

shortened contraction duration) rather than a state of classical muscle fatigue (decreased 

force output and a lengthened contraction duration).   

If the exercise lasts long enough or requires a moderate to high force work, 

potentiation and fatigue can coexist (Fowles & Green, 2003; Grange & Houston, 1991; 

Rassier & Macintosh, 2000; Vandervoort et al., 1983).  With a combined state of potentiation 

and fatigue, the muscle twitch force is still elevated (potentiated) but lower compared to 

when the muscle was in a pure state of potentiation, and muscle twitch duration starts to 

lengthen (a sign of the onset of muscle fatigue) (Figure 4.1).  Eventually, if the exercise is 

intense enough, muscle fatigue will overcome potentiation and the muscle twitch duration 

will continue to lengthen and the twitch forces will drop below the pre-exercise levels.  Then, 

in recovery, muscle twitch durations will shorten and the muscle twitch forces will increase 

and return back to the pre-exercise levels (Figure 4.1).  The mechanisms of developing muscle 

fatigue are discussed in detail is Chapter 1, section 1.2.  

Previous studies have shown that subtle, systematic changes in keystroke and mouse 

button-click durations may be related to the aforementioned physiological changes in the 

muscle and may be indicative of a computer operator developing muscle fatigue (Chang et al., 

2009; Komandur et al., 2008).  In Chapter 2 and 3, I showed that software-based keystroke 

and mouse button-click durations were accurate, sensitive and robust enough to detect small 

changes.  Therefore, software-based keystroke and mouse button-click durations have the 

potential to be used as surrogate, non-invasive assessment methods to evaluate computer-

related muscle fatigue. 
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Figure 4.1 To visualize the hypothesis, schematic representation of muscle fatigue: (a) 
involuntary muscle twitch contractions - fresh (stage 0), potentiated (stage 1), potentiated and 
fatigued (stage 2) and fatigued (stage 3) muscle twitch; (b) the corresponding voluntary 
muscle contractions measured with the digital signals from the mouse button or keyboard 
presented; (c) hypothetical changes in muscle twitch force, twitch duration, and digital signal 
durations of keystrokes and mouse button clicks. 

 

In the current study, we hypothesized that keystroke durations measured by digital 

signals from a keyboard (Figure 4.1(b, c)) can reflect physiological changes in the state of the 

muscle (changes in muscle twitch durations - in Figure 4.1(a)).  If changes in durations of the 

digital signals parallel the durational changes in muscle twitch durations (contraction and half 
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relaxation time) shown in Figure 4.1(c), the digital signal from a keyboard may be a viable, 

exposure assessment tool to proactively detect and identify when computer operators may be 

developing muscle fatigue.  Therefore, the ultimate goal of the present study is to determine 

whether temporal changes in keystroke durations during intensive computer can be used to 

provide a non-invasive way to identify underlying physiological changes in the state of the 

muscle (muscle fatigue) and ultimately reduce the computer operator’s chances of 

developing computer-related MSDs.   

 

4.2.  Methods 

4.2.1 Subjects 

Through e-mail solicitations (Appendix A), a total of 18 subjects including 9 males 

and 9 females were recruited to participate in this experiment.  All the participants were 

right-handed touch-typists without a history of upper extremity MSDs.  Their average typing 

speed was 60.3 words per minute (WPM) (SD 13.2), ranging from 42 to 85 WPM.  Their 

average age was 24.9 years old (SD 4.9), ranging from 21 to 34 years old.  The experimental 

protocol was approved by the Human Subject Committee at the University of Washington, 

and all subjects provided the written informed consent (Appendix C) before participating in 

the experiments. 

4.2.2 Study design 

Using a repeated measures design consisting of four different conditions, all 

subjects participated in each condition (Figure 4.2).  The four eight-hour experimental days 

consisted of one control day when no task was given and three exposure days (keyboard 

use, mouse use, and a combined activity consisting of 25% of keyboard and 75% mouse 
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use) comprising 6 hours of computer use followed by 2 hours of recovery.  The order of 

these four conditions was randomized to minimize potential confounding effects as well as 

training/learning effects.  There were 15-minute breaks in the morning and afternoon and a 

30-minute lunch break in the middle of the day.  As shown in Figure 4.2, eight 

measurements were taken to evaluate muscle fatigue.  During each of those measurements, 

subjects were first asked to rate their muscle fatigue (peripheral fatigue - PF) using Borg 

CR-10 scale and their boredom (central fatigue) using the visual analogue scale (VAS-CF) 

developed by Lee et al. (1991).  The questionnaires were programed by LabVIEW software 

(Version 2009; National Instruments; Austin, TX, USA) to automate the recording of the 

subjective measures (See Appendix D and E).  Then, to measure voluntary muscle function, 

subjects performed a finger tapping task with their right middle finger (FT), a standardized 

typing task (TT) to measure keystroke durations, and a standardized pointing and clicking 

task (PT) to measure mouse button-click durations.  To measure involuntary muscle 

function, subjects received 2 Hz electrical stimulation to the right middle finger FDS 

muscle.  

Subjective assessment of peripheral (PF) and central fatigue (CF) 

Greening and Lynn (1998) found that damage to the  soft tissues may begin to 

accumulated even before people perceive symptoms while Valencia (1986) showed that 

inhibitory feedback such as discomfort may be a precursor to peripheral muscle fatigue.  

These contradictory findings imply that self-reported measures may not be sensitive 

enough to detect underlying physiological changes in the muscle.  Subjective measures of 

peripheral fatigue were used in this experiment to determine how well the subjective 

measures reflected the objective measures of fatigue obtained from electrical stimulation, 
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typing, pointing and finger tapping tasks; that is, whether physiological changes occur in 

the absence or presence of any self-reported discomfort.  The questionnaire was designed 

based on Borg CR-10 scale to measure subjective peripheral muscle fatigue (Appendix D). 

As discussed in Chapter 1, however, human movements are controlled by both 

central (motor cortex, spinal cord, motor neurons, inhibitory reflexes, etc.) and peripheral 

components (E-C coupling, biochemical changes in muscle fibers, blood flow, etc.).  

Therefore, it is also important to try to determine whether central factors can influence 

peripheral muscle fatigue.  The central fatigue was evaluated using the VAS-F developed 

by Lee et al. (1991) (Appendix E).       

Finger tapping task (FT) 

The finger tapping task, where participants tapped as fast as possible with the right 

middle finger on a force transducer (Greenleaf Medical Pinch Meter, Palo Alto, CA, USA), 

involved measuring the voluntary muscle contractile responses of force and contraction 

duration (contraction time + one-half relaxation time).  Because the twitch durations were 

collected on the right middle finger (see the next section), we chose to collect the finger 

tapping data from the same finger.  This finger tapping task was administered in all four 

conditions.  The finger tapping measures were used to determine whether intensive 

computer use affected finger muscle contraction durations under voluntary control.  
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Figure 4.2 Experiment design: (a) control condition, (b) keyboard exposure condition, (c) mouse 
exposure condition ,and (d) the combined mouse and keyboard condition.  At the beginning of the 
experiment, during the breaks and in a two-hour recovery period, the force response of the muscle 
was measured (ES), a standardized omni-directional pointing task was performed with the mouse 
(PT), a standardized typing task was performed with the keyboard (TT), a finger tapping task was 
conducted with the middle finger (FT) and self-reported their peripheral muscle fatigue (PF) and 
boredom/central fatigue (CF).  
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Since the finger tapping task is voluntary contraction, changes in the force 

responses may be affected by both central and peripheral components.  Previous studies 

have demonstrated that the size principal in motor unit recruitment is violated during 

involuntary contraction evoked by electrical stimulation (R. M. Enoka, 2002; Feiereisen, 

Duchateau, & Hainaut, 1997; MacIntosh et al., 2006).  That is, the recruitment pattern of 

motor units during involuntary contraction is known to be different from that during 

voluntary contraction.  These differences between voluntary and involuntary contractions 

may indicate that changes in involuntary contractile measures may not necessarily mirror 

those in voluntary contractions.  Therefore, it is worthwhile to collect force responses from 

voluntary contractions in order to compare two different contractions.  Through the 

comparison, I evaluated the effects of central factors on change in finger movements.  

Standardized typing task (TT) 

A standardized typing task was administered using a LabVIEW-based program 

across all four conditions.  In order to control the text which participants typed, I developed 

a typing program using LabVIEW software (Version 2009; National Instruments; Austin, 

TX, USA).  Since there were 8 typing tasks per day, I created 32 sets of text taken from 

Grimm’s Fairy Tales.  The sets of text were selected such that the number of right middle 

finger keys (i’s and k’s) occurred approximately 20 times during a typical 1-minute typing 

task (TT).  This was done in order to have relatively balanced data sets when changes in 

keystroke durations in the right middle finger were evaluated across the four conditions.  

The order of files to be used for the typing task was randomized.   

During the typing tasks, keystroke durations were measured by a computer 

monitoring program developed using LabVIEW software (Version 7.1; National 
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Instruments; Austin, TX, USA).  Keystroke duration was based on the length of the digital 

ON/OFF signal when subjects pressed and released a key on a keyboard. As demonstrated 

in Chapters 2 and 3, the computer monitoring program had the requisite resolution needed 

to detect small changes in keystroke duration.  The program registered keystrokes with a 

resolution of approximately ± 5 ms.  Using the keystroke durations measured from the 

standardized typing task, I determined whether there were changes in the keystroke 

durations as a function of exposure over time and between the four different conditions.   

Standardized omni-directional pointing task (PT) 

A standardized omni-directional pointing task was administered using a LabVIEW-

based program developed by Han (2006).  As shown in Figure 4.3, the omni-directional 

pointing task consisted of moving and acquiring/clicking on 18 circular targets arranged in a 

circle.  A subject would move the mouse to position the cursor over the highlighted circular 

target, click on it, and the circular target would disappear.  This task continued until all 18 

circular targets were acquired.  During the pointing task, the computer monitoring program 

collected mouse button-click durations and was used to determine whether there were 

changes in the mouse button-click durations as a function of exposure and between the four 

different conditions.  Also, temporal changes in the mouse button-click durations were 

compared to the corresponding muscle twitch durations evoked with the electrical 

stimulation to the muscle.  Since the muscle twitch durations were collected from the right 

middle finger (see the next section), in order to compare the voluntary and involuntary finger 

muscle contraction, the mouse was programmed so subjects operated the right mouse button 

with their right middle finger (rather than the left button with their index finger).       
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Figure 4.3 Schematic representation of the omni-directional pointing task 
 

Electrical stimulation method (ES) 

The low frequency electrical stimulation method developed by Johnson (Peter 

Wallace Johnson, 1998) was used to objectively measure muscle fatigue in FDS muscle of 

the right middle finger at the beginning of the experiment, during the breaks, and in the 

two-hour recovery period.  As shown in Figure 4.4, muscle twitches of subject’s FDS were 

evoked by 2 Hz electrical stimulation controlled with a S48 stimulator, SIU5 stimulus 

isolation unit and CCU-1 constant current unit (Grass Instruments, W. Warwick, RI, USA).  

During the electrical stimulation, middle finger twitch forces and twitch durations 

(contraction + one-half relaxation time) were recorded at the rate of 5000 Hz using the 

force transducer (Greenleaf Medical Pinch Meter, Palo Alto, CA, USA) connected to a 

National Instruments data acquisition device (NI USB-6259 BNC; National Instruments 

Corporation; Austin; Texas). 

  On an orientation day prior to the four experiment days, the optimal location for 

administering electrical stimulation to the right middle finger FDS muscle was identified 
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by moving two Ag-AgCl flat tip probes (Model: E208; In Vivo Metric, Healdsburg, CA, 

USA), with a 20-mm center-to-center probe spacing, over the muscle belly until the 

muscle’s force response reached maximal with isolated movements within the middle 

finger.  Although the right index finger is the predominant finger used during regular 

mouse operations, the right middle finger was chosen to activate the mouse button and be 

stimulated because the index finger’s FDS muscle is too deep to be stimulated using 

surface electrodes.  Once the optimal sites for the right middle finger FDS muscle were 

identified, the subject’s maximum tolerable stimulation intensity was determined by 

gradually increasing the current until the level of subject’s pain reached at six on a zero to 

ten pain scale (Hanchard, Williamson, Caley, & Cooper, 1998).  The stimulation duration 

was 100  s and the current ranged from10 to 30 milliamps (Figure 4.4). 

On the experiment days, subject’s skin over the electrical stimulation site was 

prepared by cleaning with Alcohol Prep Pads (Dynarex, Orangeburg, NY, USA); then two 

Ag-AgCl surface electrodes (Model: Blue Sensor N; Ambu; Ballerup, Denmark) were 

placed on the muscle with a center-to-center of 20 mm between the two electrodes (Figure 

4.4).  During electrical stimulation measurement, the FDS muscle was preconditioned with 

2 Hz continuous electrical stimulation for 90 seconds (Adamo et al., 2009; Adamo et al., 

2002; Bennie et al., 2002; Chang et al., 2009; Peter Wallace Johnson, 1998; Peter W 

Johnson & Crenshaw, 2009; Lin, 2005).  While the five 15-twitch trains of electrical 

stimulations were being administered, the muscle’s force responses were measured.  

Objective measures of the muscle’s force responses included twitch force, contraction time, 

and one-half relaxation time (Figure 4.4(e)).  The measures allowed us to investigate 

whether changes in the muscle twitch measures paralleled the temporal changes in 
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keystroke and mouse button-click durations (measured from PT and TT), and voluntary 

contraction measures (obtained from FT). 

 

 

Figure 4.4 Diagram of the twitch measurement apparatus as seen from the side and twitch 
force measure: (a) surface electrodes over FDS; (b) force transducer over the middle finger; 
(c) electrical stimulator; (d) restraining jig; (e) twitch force profile – F(twitch force), 
CT(contraction time), and ½ RT(one-half relaxation time).  Inserts show the electrical 
stimulation and the resultant muscle twitch. Modified with permission from Johnson (1998). 
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Experimental Conditions  

Condition 1 – Control Day 

Control condition was administered to obtain baseline measures so that I can 

determine how the three different conditions above are different from the control condition. 

This control condition allowed us to account for the natural variability in the physiological 

status without computer use. In addition, the control condition enabled me to determine 

whether the electrical stimulation method itself caused temporal physiological changes. 

Condition 2 - Standardized keyboard use 

Keyboard use was considered a fatiguing exercise. Although previous studies showed 

that keystroke durations changed in a presence of muscle fatigue (Chang et al., 2009), 

unrealistic exercise (15% or 30 % of MVC) was used to fatigue the muscles rather than 

actual typing tasks.  In this study, I wanted to use a realistic fatiguing exercise, keyboard 

typing.  Similar to the typing task (TT), a standardized typing task was administered using a 

LabVIEW-based program on the keyboard use day.  Subjects were asked to type chapters of 

Grimm’s Fairy Tale at their normal typing speed for four 75-minute blocks.  All subjects 

were given the same chapters but the order of chapters was randomized in order to minimize 

any learning or memorization effects.  Before, during and after the keyboard use, the typing 

task (TT) and pointing task (PT) were used to measure keystroke and mouse button-click 

durations, respectively.  These longitudinal measures of keystroke durations enabled me to 

determine whether rapid and repetitive finger movements during keyboard typing cause 

muscle fatigue and whether the present study results are consistent with previous findings.   
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Condition 3 - Standardized mouse use 

While primary risk factors of keyboard typing are rapid and repetitive movement, 

mouse use cause static loading on the finger muscles. As discussed earlier, previous 

epidemiologic studies have shown that mouse use has stronger association with MSDs.  

Hence, this laboratory study investigated whether 6 hours of mouse operation caused muscle 

fatigue.  Subjects were asked to use the mouse for four 75-minute blocks.  To strike a balance 

between boredom and providing a standardized task for subjects to perform, participants 

were asked to play the card game Solitaire on the computer.  Before, during and after the 

mouse use, mouse button-click and keystroke durations were measured with the pointing task 

(PT) and typing task (TT), respectively.  These longitudinal measures of mouse button click 

durations allowed me to determine whether static loading on forearm muscles during mouse 

use causes physiological changes.  

   

 

Figure 4.5 Design of the combined keyboard and mouse use 
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Condition 4 - Standardized combination of keyboard and mouse use 

The two conditions described above allowed us to investigate whether keyboard 

and/or mouse use was associated with muscle fatigue. However, those conditions may not 

accurately represent realistic computer use since both keyboard and mouse are used in 

normal computer operations.  In this condition, during each 75-minute session, subjects were 

asked to alternate between playing Solitaire for 15 minutes and typing for 5 minute (Figure 

4.5).  The proportion of keyboard and mouse use was determined based on previous studies 

(Chang, Johnson, & Dennerlein, 2008; Hanson-Risberg, Rempel, Hagberg, Karlqvist, & 

Wilgaeus Hjelm, 1994; Peter Wallace Johnson, 1998).  Before, during and after the session 

of combined mouse and keyboard use, the typing task (TT) and pointing task (PT) were used 

to measure keystroke and mouse button-click durations, respectively.  Comparing these data 

with those measured from other conditions, I was able to study the effects that the different 

tasks had on the onset and development of muscle fatigue.  

 

4.2.3 Data analysis 

Before analyzing the data, the keystroke duration data were screened to only include 

ballistic keystrokes associated with the alphabetical keys, since other keys such as space, 

shift, control, alt, numeric and functional keys might have different or non-ballistic key 

activations. Furthermore, keystroke durations longer than 250 ms were also excluded since 

this is the key roll-over duration in Windows (where a key sends multiple keystrokes when 

the key is held down).  

The statistical analysis was conducted in JMP (Version 8.0.2; SAS Institute Inc.; 

Cary, NC, USA).  A mixed model with restricted maximum likelihood estimation (REML) 

was be used to determine whether there were differences in group means.  In the model, 
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subject was included as a random effect; the exposure condition and time were the fixed 

effects.  For the follow-up comparisons, Dunnett’s tests were used to determine whether 

there were any differences between the baseline measures and any of the subsequent seven 

measurement periods which spanned the 8 hours of each experiment.  Friedman test and 

post-hoc multiple comparisons in R (R 2.13.2, Development Core Team) were used to 

determine the effect of intensive computer use on subjective measures of central and 

peripheral fatigue.  Significance was noted when Type I error is less than 0.05.  

  

4.3.  Results  

4.3.1 Control Condition 

In the control condition, FDS muscle twitch forces at 75 and 165 minutes were 

approximately 10% higher than their initial pre-exposure measure (p = 0.02 and 0.04, 

respectively).  Despite the 10% increase, the muscle twitch force changes were relatively 

stable in the control condition compared to other exposure conditions (Figure 4.6).  The 

muscle twitch durations (contraction time + ½ relaxation time), keystroke durations, and 

finger tapping durations did not vary over the seven measurement periods compared to their 

initial measures at baseline (0 min); in contrast, the mouse button-click duration 

systematically shortened with time over the duration of the experiment (p < 0.0001).   

Subjective peripheral fatigue measures (PF) in the hand, wrist, forearm, shoulder, and 

neck did not differ from their initial responses whereas subjective central fatigue (CF) 

measured at 480 minutes was higher (p = 0.003) than its initial value (Figure 4.7).   
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Figure 4.6 Changes in keystroke, mouse button-click, finger tapping durations (voluntary 
contractions), and muscle twitch durations (involuntary contractions) and the muscle twitch 
forces in the four different conditions [n = 18]. Red shaded columns indicate 75-minute 
blocks of exposure time (keyboard and/or mouse use), white columns indicate the rest time 
between blocks (15, 30, and 15 minutes respectively) and the green shaded columns indicate 
the two-hour recovery period.  All the values normalized by the initial values at time 0.  
Asterisks denote statistical significance (p < 0.05). The standard error bars are excluded for 
clarity. 
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4.3.2 Keyboard use 

FDS muscle twitch forces measured just after the four 75-minute typing sessions 

increased approximately 25 to 31% compared to the initial value measured prior to keyboard 

use (p’s < 0.01); then the twitch forces decreased and returned towards baseline levels during 

the 2-hour recovery period (Figure 4.6).  In contrast, the muscle twitch durations showed a 

descending trend and decreased by 3% (3.1 ms) at 360 minutes (p = 0.04); then, the durations 

gradually recovered in the recovery period.  Keystroke, mouse button-click, and finger 

tapping durations did not change significantly in the keyboard condition.   

Subjective peripheral fatigue in the hand, wrist, forearm, shoulder, and neck 

significantly increased (p’s < 0.0001) during the four 75-minute blocks of keyboard use 

(Figure 4.7).  Subjective fatigue levels decreased in the recovery period but remained above 

baseline levels.  Similarly, central fatigue significantly increased (p’s < 0.0001) during the 6-

hour exposure periods (Figure 4.7) and then recovered to its initial level at the end of the 

experiment.  

4.3.3 Mouse use 

After the first 75-minutes of mouse use, muscle twitch force increased approximately 

25% (p = 0.002); then, gradually declined with time during the remaining three blocks of 

mouse use (Figure 4.6).  Muscle twitch durations lengthened and remained elevated during 

the exposure period (p’s < 0.001) and returned to baseline levels during the 2-hour recovery 

period.  Keystroke durations also lengthened and remained elevated during mouse use with 

the keystroke durations being significantly longer after three of the four 75 minute mousing 

sessions (p’s < 0.03) and returned to baseline levels during the 2-hour recovery period  The 
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mouse button-click durations and finger tapping durations did not change with time during 

and after mouse use.   

Subjective peripheral fatigue levels systematically increased during the 6-hour 

exposure periods (p’s < 0.0001) and returned towards baseline levels but remained elevated 

during the 2-hour recovery period (Figure 4.7).  Similarly, central fatigue significantly 

increased (p’s < 0.0001) during the four 75-minute blocks of mouse use (Figure 4.7) and then 

recovered to its initial level at the end of the experiment. 

4.3.4 Keyboard and Mouse use 

During combined keyboard and mouse use, muscle twitch forces increased 

approximately 15 to 20% relative to the initial pre-exposure measures (p’s < 0.007) and then 

returned toward baseline levels in the 2-hour recovery period (Figure 4.6).  Muscle twitch 

durations were significantly longer after the first two 75-minute blocks of combined 

keyboard and mouse use compared to the initial pre-exposure measures (p’s < 0.01), 

gradually declined during the last two blocks of the exposure periods and then returned to 

baseline levels in the 2-hour recovery period.  Keystroke and finger tapping durations did not 

show any significant changes with respect to time in the combined keyboard and mouse use 

condition; however, the mouse button-click duration systematically shortened (p < 0.003).   

Subjective peripheral and central fatigue significantly increased (p’s < 0.0001) during 

the 6 hours of the combined keyboard and mouse use (Figure 4.7).  Central and peripheral 

fatigue levels returned towards baseline levels, except for peripheral fatigue in the right hand 

and wrist.  
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Figure 4.7 Changes subjective peripheral and central fatigue measures [n = 18]. Shaded 
columns (red) indicate 75-minute blocks of exposure time (keyboard or mouse use), the rest 
time between the blocks were 15, 30, and 15 minutes respectively including two hours of 
recovery (green shaded) at the end after keyboard use had ceased.  Asterisks denote statistical 
significance at α = 0.05. The standard error bars are excluded for the clarification. 
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4.4.  Discussion 

The present study was conducted to determine whether there were systematic changes 

in keystroke and/or mouse button-click durations with six hours of intensive keyboard use 

which paralleled objective voluntary and involuntary changes in the physiological state of the 

muscle measured during voluntary (a standardized typing, mousing and finger tapping test) 

and involuntary (electrical stimulation of the muscle) activities.  The results indicated that 

intensive keyboard use, intensive mouse use, and combined intensive mouse and keyboard 

use all caused muscle fatigue; however, differing stages of muscle fatigue were observed. 

This study also found that, when the changes in the muscle twitch durations were large 

enough, the systematic changes in the keystroke duration paralleled those of the muscle 

twitches. 

4.4.1 Control condition 

As expected, involuntary (twitch), voluntary (finger tapping), and keystroke durations 

did not change over time in the control condition when there was no physical exposure.  

However, twitch forces increased by 10% relative to baseline measures.  This increased 

twitch force could have been due to the electrical stimulation or related to simple diurnal 

changes caused by a gradual increase in the subjects’ muscle temperature over the course of 

the experiment.  Involuntary muscle contraction by electrical stimulation can induce muscle 

potentiation (Chang et al., 2009; Peter Wallace Johnson, 1998; MacIntosh et al., 2006), and 

its initial response is increased contraction force.  Johnson (1998) and Chang et al. (2009) 

also showed that electrical stimulation could affect physiological response of muscle such as 

contraction force and/or duration. 
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Although there was lack of physiological changes in the control condition, mouse 

button-click duration systematically shortened throughout the day.  This may be due to 

limitations of the simulated pointing task used to collect mouse button-click durations or 

actual diurnal changes possibly associated with increases in muscle temperature.  As 

described in Figure 4.3, the targets were highlighted sequentially, so participants were able to 

predict where the next target will be and accordingly prepare the next movements to click the 

following targets.  The predictability may have resulted in learning effects; therefore the 

mouse button-click durations systematically shortened.  The systematic shorting caused by 

the potential learning effects were also found in the combined keyboard and mouse condition 

as well as the recovery periods of keyboard use and mouse use.  In future studies, therefore, it 

would be beneficial to randomize the order with which the targets appears or craft a realistic 

mousing task in order to determine whether changes in the mouse button-click duration 

mirror those in the twitch duration.  More importantly, when muscle temperatures increase, 

the muscle contracts faster (Bennett, 1985; De Ruiter & De Haan, 2000; He, Bottinelli, 

Pellegrino, Ferenczi, & Reggiani, 2000).  No systematic shorting in mouse button-click 

duration were seen in the keyboard and mouse use conditions, so relative to the control 

condition, the mouse button click duration lengthened in the keyboard and mouse conditions 

which would support that the mouse button-click response was different in the exercise 

conditions.  Therefore, changes in mouse button click merits further investigation as they did 

appear to be systematic difference but these changed did not mirror the keystroke and mouse 

button-click durations. 
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4.4.2 Keyboard use 

In the condition involving six hours of intensive keyboard use, muscle twitch 

durations systematically shortened whereas muscle twitch forces significantly increased.  As 

described in Figure 4.1, early-stage muscle fatigue (stage 1) could be characterized by an 

increase in the force output of the muscle and a shortening of the muscle’s contraction 

duration (potentiation).  The results indicated that dynamic muscle contractions from 

repetitive finger movements during typing on the keyboard caused the early-stage muscle 

fatigue.   

Although the twitch durations shortened, keystroke durations did not change.  The 

twitch duration was measured from the involuntary contraction evoked by electrical 

stimulation on the FDS muscle bypassing the central nerve system. In contrast, the keystroke 

duration was measured from the voluntary finger movement which is likely to be affected by 

peripheral and central components as well as other muscles such as finger extensor.  Given 

these differences, 3% (3.1 ms) change on FDS muscle twitch duration may be difficult to be 

captured by the keystroke duration.  Numerous studies have shown the potential differences 

between the voluntary and involuntary contractions (R. M. Enoka, 2002; Feiereisen et al., 

1997; MacIntosh et al., 2006).   

The muscle twitch responses showed that intensive keyboard use resulted in early-

stage muscle fatigue.  However, subjective peripheral fatigue measures were 

disproportionally high given that the muscle just in an early-stage of muscle fatigue.  

Previous studies (Greening & Lynn, 1998; Valencia, 1986) have shown that the subjective 

sense of peripheral fatigue is not necessarily synchronized with its objective measure.  Even 

low concentrations of metabolites produced by muscle contraction could increase blood 

pressures in the muscle (Alam & Smirk, 1937).  Sensory afferents could detect both the 
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contraction-produced metabolites and increase blood pressure in the muscle; consequently, 

the sensation of muscle fatigue could increase (Light, Vierck, & Light, 2010).  At this early 

stage, the muscle twitch force and duration may not be affected by the low concentration of 

metabolites.  This argument can be supported by a previous study (Valencia, 1986) finding 

that subjective muscle discomfort proceeded the measurement of peripheral muscle fatigue.       

4.4.3 Mouse use 

After the first 75-minute session of intensive mouse use, both muscle twitch force and 

duration significantly increased, indicating the coexistence of muscle potentiation and fatigue 

(as described in Figure 4.1).  In the remaining three 75-minute blocks of mouse use, the 

twitch force systematically decreased over time (Figure 4.6) while twitch durations remained 

elevated.  As described in Figure 4.1 (a), the twitch force decreases below baseline levels 

while the twitch duration remains lengthened, when the muscle is on a path to go from 

fatigue stage 2 to fatigue stage 3.  This finding demonstrated that the physiological muscle 

status was transitioning from the potentiation and fatigue to the conventional fatigue status 

during the mouse use. 

During the four blocks of mouse use, the increase in keystroke durations paralleled 

the temporal increases in muscle twitch durations.  Despite the inherent differences between 

the voluntary and involuntary contractions, the keystroke duration may have been able to 

capture physiological changes in the muscle due to the greater changes in twitch duration.  

This result is consistent with a previous study were the muscle was moderately fatigued 

(Chang et al., 2009) and the changes in keystroke durations paralleled the temporal changes 

in muscle twitch durations.  This implies that temporal changes in keystroke duration may be 

used to detect conventional muscle fatigue. 
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The results showed that the temporal changes in muscle twitch force and duration 

during mouse use were different from those during keyboard use.  The twitch data showed 

that keyboard use resulted in the early-stage muscle fatigue (stage 1) whereas the mouse use 

induced more severe state muscle fatigue (stage 2).  This finding supports previous study 

findings that the mouse use is more highly associated with MSDs, compared to keyboard use 

(S. Ijmker et al., 2007).  Although those studies have argued that prolonged static load and 

longer usage duration may increase the association between mouse use and MSDs (Andersen 

et al., 2003; Jensen, 2003; Kryger et al., 2003; Lassen et al., 2004), there has been lack of 

physiological evidence to objectively justify the argument.  This study result may provide 

some physiological evidence to help explain the different MSDs association between 

keyboard and mouse. 

4.4.4 Keyboard and mouse use   

In the combined intensive keyboard and mouse condition, the muscle fatigue was 

between the fatigue levels measured during keyboard use (early-stage fatigue) and mouse use 

(intermediate-stage fatigue).  As observed in the keyboard condition (Figure 4.6), the muscle 

twitch forces significantly increased and remained elevated compared to baseline 

measurements.  Similar to the changes in the mouse condition, the muscle twitch durations 

also increased in the combined keyboard and mouse condition.  The magnitude and trend of 

changes in twitch force and duration (Figure 4.6) showed that the level of muscle fatigue was 

between early and intermediate fatigue state, between the fatigue observed in intensive 

keyboard and mouse use conditions, respectively. 

Each 75-minute block in the combined keyboard and mouse use condition consisted 

of 60-minutes mouse use interleaved with 15-minutes of keyboard use (Figure 4.5).  This is 
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the ratio of mouse to keyboard use which occurs during occupational computer work.  

Although the majority of the exposure was mouse operation, the fatigue level during the 

combined mouse and keyboard condition was not as pronounced as what was measured 

during the exclusive mouse condition.  The intermediate level of fatigue may be due to the 

variation in muscle loading created by switching between mouse and keyboard use.  Since 

monotonous and repetitive tasks are well-known risk factors for muscle fatigue and MSDs (S. 

Ijmker et al., 2007; Peter Wallace Johnson, 1998; Tayyari & Smith, 1997), task variation is 

thought to be one of the most effective administrative ergonomic interventions (Tayyari & 

Smith, 1997).  The mixture of two different increased the task variability and the resultant 

variability in muscle load; therefore, more severe muscle fatigue was prevented.  

  Although the combined mouse and keyboard use resulted a significant lengthening 

of the muscle twitch durations, keystroke durations did not show any parallel temporal 

changes.  This may be due to relatively small changes in muscle twitch durations (5%, 5.5 

ms), compared to the greater relative changes in mouse condition (11%, 11.3 ms).  As 

discussed earlier, due to the inherent differences between the involuntary muscle twitch and 

voluntary keystroke durations, keystroke durations may only be able to detect temporal 

fatigue-related changes in muscle twitch durations when the changes are reasonably large.  

Despite the minimal changes in the muscle twitch and keystroke durations, the mouse button-

click duration systematically shortened over time (Figure 4.6).  As discussed in the control 

condition, this inconsistency could be explained by actual diurnal changes possibly 

associated with increased muscle temperature and/or the limitation of the data collection 

methods.   
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Subjective peripheral and central fatigue significantly increased.  However, the level 

of fatigue was lower than that observed in the other two exposure conditions.  Furthermore, 

most subjective fatigue measures in this condition recovered to the baseline level at the end 

of the experiment except for the right and wrist, whereas in the other two exposure conditions, 

the perception of fatigue persisted throughout the 2-hour recovery period.  The lower levels 

of perceived fatigue and the nearly complete restitution in the 2-hour recovery period are 

likely the result of the greater task variability.  Higher variability during the combined mouse 

and keyboard use condition may have reduced monotonousness, repetitiveness, and boredom 

while increasing posture variability; consequently, the level of the subjective central and 

peripheral fatigue was lower, compared to the exclusive keyboard or mouse use conditions. 

4.4.5 Conclusion 

The current study demonstrated that changes in muscle twitch durations were 

detected by the keystroke durations when changes in muscle twitch durations were large 

(intermediate-stage muscle fatigue), supporting the hypothesis that, when the fatigue is of an 

intense enough level, keystroke durations measured by digital signals can reflect 

physiological changes in the state of the muscle.  Since the keystroke duration can be readily 

and non-invasively measured by software programs installed on the user’s computer, it could 

be used as a non-invasive way to identify muscle fatigue and ultimately reduce the computer 

operator’s chances of developing computer-related MSDs.  

The results also showed that the level of muscle fatigue during mouse use was higher 

compared to keyboard use.  This finding supports the previous findings that the mouse use is 

more strongly associated with MSDs than the keyboard use.  Therefore, this finding can 
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provide physiological evidence which may help explain the different MSDs association 

between keyboard and mouse use. 
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Chapter 5 - Conclusions and future work 
 

5.1.  Summary 

The present study investigated whether intensive computer use induced any 

physiological changes in the FDS muscle and whether those physiological changes were 

captured by the temporal changes in keystroke and/or mouse button-click durations.  

Previous studies have shown that subtle, systematic changes in  keystroke durations (Chang 

et al., 2009) and mouse button-click durations (Komandur et al., 2008) corresponded with the 

temporal changes in physiological status of the muscle and therefore may be used as a 

surrogate exposure assessment tool to measure muscle fatigue during computer use.  

However, both of these prior studies have limitations which were addressed in this 

dissertation.  In the study by Chang et al. (2009), two 15-minute submaximal contraction 

conditions at 15% (static exercise) and 30% (dynamic exercise) of MVC respectively were 

used to fatigue the right ring finger FDS muscle.  However, muscle contractions required to 

activate the keys on a keyboard or a mouse button is much less than the force levels used by 

Chang (Chang et al., 2009; Dennerlein, Diao, Mote, & Rempel, 1998; Peter Wallace Johnson, 

1998; Radwin & Jeng, 1997; D. Rempel et al., 1994; D. Rempel et al., 1997); typically 

between 0.4% and 10% MVC, therefore, their fatiguing exercise was unrealistic.  In addition, 

although Komandur et al. (2008) demonstrated that mouse button-click durations may be a 

surrogate measure of muscle twitch durations, they only measured at one point in time and 

did not investigate the temporal changes in the button-click durations which may parallel 

changes in muscle twitch durations during prolonged computer use.  
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This study investigated whether any physiological changes in the muscle status were 

caused by the actual computer use and whether these temporal physiological changes in the 

muscle mirrored similar trends in keystroke and mouse button-click durations.  The results of 

the present study showed that the subtle, systematic changes in keystroke duration mirrored 

the temporal changes in the muscle twitch durations in the presence of a moderate muscle 

fatigue.  Therefore, software-measured keystroke durations may be a viable non-invasive 

assessment tool to detect temporal physiological changes (i.e. muscle fatigue) during 

computer use.    

Before testing the main hypotheses, in Chapter 2, I first validated the accuracy of the 

computer monitoring program against an external USB signal analyzer (gold standard) for 

measuring the duration of the digital signals used to calculate keystroke durations.  The 

results showed that the computer monitoring program provided enough accuracy and 

sensitivity to detect small changes in keystroke durations (down to a few milliseconds) and 

therefore could be used as an accurate, viable measurement tool.  Although mouse button 

click durations were not explicitly tested in Chapter 2, the digital signals would be handled 

the same way and the accuracy and errors should be similar to the trends found with the 

keystroke durations. 

Although the software-measured keystroke duration provides enough accuracy and 

sensitivity to detect and measure small changes in keystroke durations, the software-

measured keystroke duration may be affected by the electromechanical and force-

displacement characteristics of keyboards.  Therefore, in Chapter 3 by comparing the 

software-based keystroke duration measures to the force-based keystroke duration measures 

(gold standard – independent of any keyboard characteristics), I was able to determine 



85 
 

whether the software-based keystroke durations were affected by the different 

electromechanical and force-displacement characteristics.  The results indicated that the 

software-based keystroke durations were affected by the different keyboard characteristics 

but the affect was a systematic bias (constant offset).  Despite the bias, the small across-time 

and between-subject difference in keystroke durations were captured and mirrored the true 

force-derived across-time and between subject differences in keystroke durations. 

Chapters 4 determined whether muscle fatigue developed in the right ring flexor 

digitorum superficialis (FDS) muscle during intensive keyboard, intensive mouse and 

combine intensive mouse and keyboard use by using the low frequency electrical stimulation 

method developed by Johnson (1998) and used in previous studies (Adamo et al., 2009; 

Adamo et al., 2002; Bennie et al., 2002; Chang et al., 2009; Peter Wallace Johnson, 1998; 

Peter W Johnson & Crenshaw, 2009; Lin, 2005).  The results found that muscle fatigue 

resulted from intensive keyboard, mouse, and combined keyboard and mouse use; however, 

different levels of muscle fatigue were observed.  I also investigated whether keystroke and 

mouse button-click duration changed in the presence of muscle fatigue and whether the 

temporal changes in electrical stimulation measures corresponded with the temporal changes 

in keystroke and mouse button-click durations.  The results indicated that the systematic, 

temporal changes in the keystroke durations mirrored the temporal changes in muscle twitch 

durations when the computer work resulted in a moderate level of muscle fatigue.  Using the 

mouse button-click in a similar fashion was not successful but merits further investigation 

due to the potential limitation associated with the data collection method (discussed in 

Chapter 4). 
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5.2.  Contributions 

MSDs are the single largest component of occupational injuries, accounting for 40% 

of all injuries and therefore are the most common and costly injuries in office work 

environments (Lyon, 1992; Punnett & Wegman, 2004).  Computer use has been associated 

with MSDs since many of risk factors for developing MSDs such as force, repetitiveness, 

postures, and monotonousness are encountered during computer work (Chang et al., 2009; F. 

Gerr et al., 2006).  Although intensive computer use has been associated with MSDs, the 

association between computer use and MSDs has long been debated.  Amongst main reasons 

for this longstanding debate is that the exposure-response relationship between computer use 

and MSD-related injuries are not fully understood.  Developing an adequate, non-invasive, 

cost-effective, exposure assessment method for large scale epidemiological studies on 

computer use could contribute to the body of knowledge on the potential underlying injury 

mechanisms.  Furthermore, since most work-related MSDs develop from the accumulation of 

micro trauma to the soft tissues (muscles, tendons, ligaments and nerves) over time (Punnett 

& Wegman, 2004), proactive detection of physiological degradation (i.e. muscle fatigue) will 

be merited.   

There are several lab-based methods to measure muscle fatigue such as electrical 

stimulation of the muscle, electromyography and mechanomyography; however, these 

methods may be suitable only in lab-based studies due to invasiveness, portability and cost. 

Furthermore, it may be difficult to measure temporal physiological changes during computer 

use since computer work must be interrupted to use those methods.  Therefore, it is desired to 

develop a non-invasive method to evaluate muscle fatigue during computer use.  Although 
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there have been some attempts to develop a non-invasive assessment tool, those attempts 

have been incomprehensive.   

The present study results showed that the keystroke duration identified fatigue-related 

physiological changes in the FDS muscle when the computer work resulted in moderate 

levels of muscle fatigue.  Since the subtle, systematic changes keystroke duration was related 

to the fatigue-related physiological changes in the finger muscle, by measuring changes in 

the keystroke durations, the computer program I developed may detect computer-related 

muscle fatigue and proactively notify computer users of their fatigue, thereby reducing their 

chances of developing computer-related MSDs.  The keystroke duration can readily be 

measured by a computer program installed on users’ computers; therefore, temporal 

systematic changes in keystroke durations could be used as a surrogate, non-invasive, cost-

effective measure to indicate muscle fatigue. 

The previous studies have shown that a greater number and severity of injuries and 

symptoms are associated with the mouse use, as compared to keyboard use.  However, most 

studies have not been able to provide any physiological evidence to explain the different 

associations other than the assumptions that the prolonged static loading on muscle and 

longer usage duration may increase the association between mouse use and MSDs (Andersen 

et al., 2003; Jensen, 2003; Kryger et al., 2003; Lassen et al., 2004).  As this study found that 

the mouse use was associated with the greatest levels of muscle fatigue, this physiological 

evidence corroborates previous findings that the mouse use is more strongly associated with 

computer-related MSDs, compared to the keyboard use.         
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5.3.  Limitations 

Although I tried to avoid any potential limitations, it is rare to have a perfectly 

designed experiment and some limitations still remained in the present study.  All the tasks 

during computer use were standardized so that the muscle fatigue effects between subjects 

could be compared.  However, the standardized tasks used in this study may not represent 

realistic computer work.  Solitaire, a card game preinstalled in Windows XP, was used as a 

task during mouse use to investigate the muscle fatigue between subjects.  This task was 

specifically chosen to strike a balance between creating a standardized task and minimizing 

the resultant boredom from performing a standardized task over a six hour period.  The 

intensive, exclusive mouse use was likely different from the activities engaged in during 

actual computer work.  Exclusive, intensive typing may also not be a realistic task given how 

subjects use both the mouse and keyboard to work at the computer.  As a result of these 

concerns, a combined keyboard and mouse use task was developed where mouse and 

keyboard tasks were partitioned such that subjects performed those two different tasks in a 

serial, alternating manner (Figure 4.5).  However, even this task has limitations, since during 

real computer use, mouse and keyboard are used in a more simultaneous, parallel manner as 

needed.  In future studies, therefore, these standardized tasks could be substituted with actual 

computer work to determine whether muscle fatigue is also developed during actual work. 

Simulated pointing tasks were administered to collect mouse button-click durations.  

As described in Figure 4.3, the targets were highlighted sequentially, so participants were able 

to predict where the next target would appear.  As discussed in Chapter 5, the non-random 

sequence of the target movement may have distorted the mouse button-click durations over 

time; consequently, the mouse button-click durations did not reflect the twitch duration 
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changes.  Therefore, further investigation may be merited by randomizing the order with 

which the targets appears or crafting a more realistic standardized mousing task in order to 

determine whether the temporal changes in the mouse button-click duration mirror the 

temporal changes in the muscle twitch durations.   

A final limitation was, instead of using the right index finger to activate the left 

mouse button, which occurs during regular mouse operation, left mouse button was 

remapped to the right mouse button and the right middle finger was used to perform the 

mouse button clicking.  This was done since the right index finger’s muscles are too deep to 

be activated with our electrical stimulation technique.  Therefore, to be able to expose a 

finger to both typing and mouse button clicking and measure the force response of the 

muscle to electrical stimulation, the right middle finger had to be tested.  However, since the 

strength of right middle finger is known to be similar to that of index fingers (Dickson et al., 

1972; B. J. Martin et al., 1996), muscle fatigue measured in the right middle finger may 

reasonably approximate to that in right index finger. 
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Appendix A.  Recruitment E-mail (Chapter 2 and 4) 
 

RECRUITMENT E-MAIL 
 
RE: Participating in a Assessing Muscle Fatigue Using Electrical Stimulation at the University of Washington 
 
To all: 
 
Currently, a study is being conducted at the University of Washington in the Department of Environmental and 
Occupational Health Sciences assessing muscle fatigue associated with computer use by using electrical 
stimulation. We would like to invite you to participate in the study. The study is expected to last about 1-2 hours 
on the orientation day and 8 hours for the following four days. If you do decide to participate, you will be 
compensated $15/hr for your time.  
 
During this study, we will attach surface electrodes to your forearm. On the orientation day, we will introduce 
you to the electrical stimulation methods and the overall protocols. On the control day, you will be asked to rest 
for the whole eight hours. On each day of the four experimental days, you will be asked to perform four 75-min 
specific tasks using a keyboard and mouse with three breaks: a 15-min morning and afternoon break, and 30-
min lunch break, respectively. Between the tasks, electrical simulation and questionnaires will be use to assess 
your muscle fatigue. The electrical stimulation may cause discomfort, similar to “pins and needles,” tingling, or 
a sharp feeling like bumping the funny bone on your elbow. During the testing sessions you may watch movies 
or read, but you must not engage in any physical activity using your testing hand (i.e. using the computer, 
playing video games, talking on a cell phone, etc.). 
 
Taking part in this study is voluntary. If you are 21 - 38 years old, right-handed and free of upper extremity 
injury, you are eligible for participation. If you are interested in participating in the study, please contact us by 
phone or e-mail and include the following information: 
 
1. Dominant hand:  Right ___ Left ___               Ambidextrous___ 
 
2. Age: 
 
3. History of upper-extremity disorders? Yes ___      No ____ 
 
Contact information is provided below.   
 
*Please note that we cannot guarantee the confidentiality of information sent by e-mail.   
 
Thank You, 
Jeong Ho (Jay) Kim 
 
=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-= 
Jeong Ho (Jay) Kim 
University of Washington 
Industrial and Systems Engineering 
4225 Roosevelt Way NE, Suite 100; Seattle, WA  98105  
E-mail: jhkim01@uw.edu   
Phone: (206)-543-4544 
=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-= 
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Appendix B.  Recruitment E-mail (Chapter 3) 
 

RECRUITMENT E-MAIL 

RE: Participating in a Computer Keyboard Study at the University of Washington 

 

To all: 

Currently, a study is being conducted at the University of Washington in the Department of 

Environmental and Occupational Health Sciences determining whether computer keyboard 

characteristics are associated with people using more force than necessary while typing. We would 

like to give you the opportunity to participate in the study. We are looking for right-handed participants 

age 18-65 to participate in a study on computer mouse design. The study will take 2-3 hours. If you 

do decide to participate, you will be compensated with $20 / hr for your time in the form of an 

Amazon.com gift card.  

During this study, we will attach electrogoniometers and EMG electrodes to your right arm in order to 

measure your hand and wrist posture and the load on your muscles while performing typing tasks 

using several different computer keyboards. We will ask you to fill out questionnaires after using each 

keyboard. 

If you are interested in participating in the study or have any questions, please contact me by phone 

or e-mail.  Please be careful with information sent via e-mail because we cannot assure confidentiality 

of information e-mailed to us.  Contact information is provided below.   

 

Thank You, 

Erin Stamper 

 

=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-= 
Erin Stamper University of Washington 

Environmental and Occupational Health Sciences 
4225 Roosevelt Way NE, Suite 100; Seattle, WA  98105  
E-mail: estamper@uw.edu  Phone: ( 206-543-4727 
=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-=-= 
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Appendix C.  Subject consent form 
 

UNIVERSITY OF WASHINGTON 
CONSENT FORM 

 
 

ASSESSING MUSCLE FATIGUE USING ELECTRICAL STIMULATION 
 
 

Researchers:   
Peter Johnson, PhD, Assistant Professor 
(206) 221-5240 

Department of Environmental and 
Occupational Health Sciences 

Charlotte Lewis, PhD, Post Doc 
(206) 218-4278 

Department of Environmental and 
Occupational Health Sciences 

Jeong Ho (Jay) Kim, MS, Research Assistant 
(206) 543-4544 

Department of Industrial and Systems 
Engineering 

Erin Stamper, MPH, CPH 
(206) 543-4727 

Department of Environmental and 
Occupational Health Sciences 

 
Researchers’ statement 
We are asking you to be in a research study.  The purpose of this consent form is to give you the 
information you will need to help you decide whether to be in the study or not.  Please read the form 
carefully.  You may ask questions about the purpose of the research, what we would ask you to do, 
the possible risks and benefits, your rights as a volunteer, and anything else about the research or this 
form that is not clear.  When we have answered all your questions, you can decide if you want to be 
in the study or not.  This process is called “informed consent.”  We will give you a copy of this form 
for your records. 
 
PURPOSE OF THE STUDY 
We want to determine 1) whether keystroke duration systematically changes as the durational 
exposure to keyboard work increases and whether the temporal changes in keystroke durations 
parallel objective measures from the muscle, 2) whether mouse button-click duration systematically 
changes as the durational exposure to mouse work increases and whether the temporal changes in 
mouse button-click durations parallel objective measures from the muscle.   
 
STUDY PROCEDURES 
We are asking you to participate in experiments on five separate days.  The first day, is an orientation 
day which will last two hours, and the other four days consist of a control day and exposure days 
which will require 8 hours of participation each day.  We need you to participate in these experiments 
on five separate days and we should be able to complete all measurements from you in a time period 
spanning no more than two weeks. 
 
Orientation Day 
During the orientation day, which will last approximately two hours, you will be introduced to the 
experimental techniques and procedures. This includes a period of time where you will be introduced 
electrical stimulation procedures. In addition, during the orientation you’re your anthropometry will 
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be measured including 1) hand-size 2) wrist size (width, breadth, circumference), 3) forearm length 4) 
arm length 5) shoulder breadth 6) elbow to elbow breadth, 7) height and 8) weight.  In addition, your 
demographic data such as age, years of computer mouse and keyboard use, and average daily and 
weekly computer use at home and work will be collected. To control for potential confounding 
associated with body posture, the workstation (an adjustable height table, adjustable ergonomic chair 
and adjustable computer monitor) will be set-up to match your anthropometry. Finally, the 
stimulation intensity you can acceptably tolerate will be determined. We will gradually ramp up the 
stimulation intensity until we reach your self-selected levels of acceptable stimulation. After testing, 
we will use henna ink to place small “mole size” dots on your skin to note the location of the 
stimulation electrodes. This will allow us to use the same placement sites on each subsequent 
experimental day. These henna marks will disappear in 7 – 12 days.  
 
Experimental Days 
The other four experimental days consist of three exposure day will last 8 hours including a 6-hour 
working time and a 2-hour recovery time. There will be 15-minute morning and afternoon breaks and 
a 30-minute lunch break.  Before, during and after exposure to the intensive tasks (including keyboard 
use, mouse use and the combination of the two input devices) subjects will: 1) receive 2 Hz electrical 
stimulation to the right middle finger FDS muscle and the force response of the muscle will be 
measured (ES), 2) perform a standardized pointing task with the mouse (OP), 3) perform a 
standardized typing task (TT), 4) perform a finger tapping task with the ring finger (FT), 5) self-
report their muscle fatigue (peripheral fatigue - PF), and 6) self-report their boredom (central fatigue-
CF). 
 
You can use the time in between the test measurements to meet your personal needs, like using the 
bathroom eating or drinking.  Otherwise, we will request that you sit in a comfortable chair during the 
breaks between test sessions.  Between the testing session and on the control day you may watch 
movies or read, but you must not engage in any physical activity using your testing hand (i.e. using 
the computer, playing video games, talking on a cell phone, etc.). 
. 
RISKS, STRESS, OR DISCOMFORT 
We do not expect you to experience any substantial discomfort during the testing.  Electrical 
stimulation of the muscle may be uncomfortable, but the risks to you are minimal.  The electrical 
stimulation will give a “pins and needles,” tingling, or in some instances, a sharp feeling in the area of 
the skin under the electrodes. Before the study starts, we will attempt to minimize discomfort using 
careful placement of the electrodes and making sure you are comfortable with the stimulation. The 
stimulation will be isolated to your arm, and if the skin under the electrodes becomes irritated, you 
should tell the experimenter. Some people may be allergic to the henna ink and/or adhesive on the 
products used to attach the electrodes.  In addition, when the electrodes are removed, you may 
experience a pulling sensation over the skin similar to the sensation when a band-aid is removed.   
If at any time you become uncomfortable, let the experimenter know. We will attempt to resolve your 
discomfort.  You can stop the testing session at any time for any reason.  If we feel we cannot 
successfully collect data, we may stop the experiment and terminate measurements. 
 
BENEFITS OF THE STUDY 
You will not directly benefit from taking part in this study. We hope that the results of this study help 
us to understand how muscle fatigue develops in response to prolonged, low-level activities such as 
working at the computer.  
 
 
 
OTHER INFORMATION 
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Taking part in this study is voluntary, you may refuse to participate or may withdraw from the study 
at any time without penalty or loss of benefits to which they are otherwise entitled. The cost to you is 
your time, which you will be reimbursed for, along with the mental and physical discomfort that may 
be associated with being a subject in this research study.  As partial compensation for your time and 
inconvenience, we will pay you USD $15 per hour.  You will be paid for your total participation time; 
if your participation ends during the hour, your participation time will be rounded up to the nearest 
half-hour and you will be paid accordingly.  We will ask you to sign a receipt when you are paid for 
the purpose of our accounting records.   
 
We will keep the study information confidential. We will assign an identity code to the study 
information. We will keep a master list of codes and identifiers in a secured location, separate from 
the study information. We will keep the study information linked to your name for 1 year, and then 
we will destroy the link to your identity.  If we publish the results of this study, we will not use your 
name.  
 
Government or university staff sometimes reviews studies such as this one to make sure they are 
being done safely and legally.  If a review of this study takes place, your records may be examined.  
The reviewers will protect your privacy.  The study records will not be used to put you at legal risk of 
harm. 
 
If you think you have an injury or illness related to this study, contact the study staff right away.  The 
study staff will treat you or refer you for treatment.  If treatment is needed, the UW will pay up to 
$10,000 to treat injury or illness caused by the study.  You will not lose your legal right to seek 
payment if you sign this form. 
 
 
  
Printed name of study staff obtaining consent Signature Date 
Subject’s statement 
This study has been explained to me.  I volunteer to take part in this research.  I have had a chance to 
ask questions.  If I have questions later about the research, I can ask one of the researchers listed 
above.  If I have questions about my rights as a research subject, I can call the Human Subjects 
Division at (206) 543-0098.  [If relevant, add:  I give permission to the researchers to use my medical 
records as described in this consent form.]  I will receive a copy of this consent form. 
 
Printed name of subject  Signature of subject    Date 
 
Copies to: Researcher 
  Subject 
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Appendix D.  Questionnaire for measuring peripheral fatigue (Chapter 4) 
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Appendix E.  Questionnaire for measuring central fatigue (Chapter 4) 
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