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Abstract

Purpose—The aim of the present study was to determine whether there were any physiological 

changes in the muscle as a result of intensive computer use.

Methods—Using a repeated measures experimental design, eighteen subjects participated in four 

different eight-hour conditions: a control (no exposure) condition and three exposure conditions 

comprised of 6 hours of computer use (keyboard, mouse, and combined keyboard and mouse 

use) followed by 2 hours of recovery. In each condition, using 2 Hz neuromuscular electrical 

stimulation, eight temporal measurements were collected to evaluate the fatigue state (twitch force, 

contraction time, and ½ relaxation time) of the right middle finger Flexor Digitorum Superficialis 

(FDS) muscle before, during, and after computer use.

Results—The results indicated that 6 hours of keyboard, mouse, and combined mouse and 

keyboard use all caused temporal fatigue-related changes in physiological state of the FDS muscle. 

Keyboard use resulted in muscle potentiation, which was characterized by approximately 30% 

increase in twitch force (p < 0.0001) and 3% decrease (p = 0.04) in twitch durations. Mouse use 

resulted in a combined state of potentiation and fatigue, which was characterized by an increase in 

twitch forces (p = 0.002) but a prolonging (11%) rather than a shortening of twitch durations (p < 

0.0001).

Conclusions—When comparing mouse and keyboard use, the more substantial change in the 

physiological state of the muscle with mouse use (potentiation and fatigue compared to just 

potentiation with keyboard use) provides some physiological evidence which may explain why 

mouse use has a greater association with computer-related injuries.
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Introduction

Computer use has been associated with musculoskeletal disorders (MSDs) (Bergqvist et 

al. 1995; Gerr et al. 2002; Andersen et al. 2011). Amongst the possible risk factors, the 

rapid and repetitive finger movements during keyboard use and/or static muscle loading and 

postures during mouse use are thought to be major risk factors for computer-related MSDs 

(Jensen et al. 2002; Lin et al. 2004; Ijmker et al. 2007; Chang et al. 2009). Although exact 

underlying mechanisms are not fully understood, muscle fatigue may be a precursor and 

one of the underlying mechanisms contributing to the onset and development of computer-

related MSDs (Armstrong et al. 1993; Rempel et al. 1992; Takala 2002; Dennerlein et al. 

2003; Punnett and Wegman 2004; Thomsen et al. 2007).

Prolonged and repetitive low-intensity muscle contractions, which are typical characteristics 

of occupational computer use, have been associated with low frequency fatigue (LFF) 

(Westerblad et al. 2000; Dennerlein et al. 2003; Johnson et al. 2012); thus, LFF may 

play a role in the onset and development of musculoskeletal disorders in computer users 

(Westerblad et al. 2000; Dennerlein et al. 2003). LFF is a form of muscle fatigue where the 

force response of the muscle at low frequencies of electrical stimulation is disproportionally 

lower compared to the muscle’s force response to high frequency stimulation (Edwards et 

al. 1977; Jones 1996; Enoka 2002; MacIntosh and Rassier 2002). During the onset and 

development of LFF, the physiological state of muscle goes through a series of changes 

(Alway et al. 1987; Rassier and Macintosh 2000). Volitional activation of the muscle can 

result in muscle potentiation which is characterized by increase in twitch force and decrease 

in contraction and ½ relaxation time (Vandervoort et al. 1983; Garner et al. 1989; Green 

and Jones 1989; Oleary et al. 1997; Gossen and Sale 2000; Hamada et al. 2000a; Hamada 

et al. 2000b; Miyamoto et al. 2011) (Fig. 1(b)). Muscle potentiation can result from both 

involuntary contractions (post-tetanic potentiation) in response to the muscle being subjected 

to electrical stimulation and voluntary contractions (post-activation potentiation) as a result 

of exposing the muscle to physical work (MacIntosh et al. 2006). Potentiation is thought to 

be due to either the phosphorylation of myosin regulatory light chains (Houston et al. 1985; 

Palmer and Moore 1989; Grange and Houston 1991; Grange et al. 1993), which increases 

the sensitivity of myosin heads to Ca2+ (Metzger et al. 1989; Sweeney and Stull 1990; 

Fowles and Green 2003), or the increased cytosolic Ca2+ concentration which facilitates the 

binding between the actin and myosin contractile proteins (Allen et al. 1989; Green and 

Jones 1989). These potentiation-mediated mechanisms are thought to delay the onset and 

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 (Fig. 1(b), increased 

force output and a shortened contraction duration) rather than a state of classical muscle 

fatigue (Fig. 1(e), decreased force output and a lengthened contraction duration).

If the exercise lasts long enough or requires a moderate amount of work, potentiation and 

fatigue can coexist (Vandervoort et al. 1983; Rankin et al. 1988; Grange and Houston 

1991; Rassier and Macintosh 2000; Fowles and Green 2003). Compared to a pure state of 

potentiation (Fig. 1(b)), a combined state of potentiation and fatigue can be characterized 

with elevated twitch force (potentiated) and longer contraction time (fatigued) (Fig. 1(c)) or 
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with twitch force below the pre-fatigue state (fatigued) and decreased contraction time (Fig. 

1(d)). Eventually, if the exercise is intense and long enough, muscle fatigue will overcome 

the potentiation and the muscle will enter the classical state of fatigue where the twitch 

forces will drop and the contraction durations lengthen relative to the pre-exercise, fresh 

muscle (Fig. 1(e)). This increase in contraction duration is the result of the lengthening of 

½ relaxation times, which is one of the common observations in fatigue studies (MacIntosh 

et al. 2006). Previous studies involving human subjects have shown that muscle potentiation 

depends on both the intensity and the duration of the muscle contraction (Green and Jones 

1989; Fowles and Green 2003). Potentiation has been shown to last 3 to 5 minutes after short 

to moderate duration, higher intensity (30 – 100 %MVC: Maximum Voluntary Contraction) 

exercises (Green and Jones 1989; Fowles and Green 2003), whereas potentiation has been 

shown to last longer (up to an hour) after longer duration, lower intensity (15 %MVC) 

exercise (Chang et al. 2009). Depending on the type of fatiguing exercise, a muscle does 

not necessarily have to go through all the five stages shown in Figure 1, but rather will go 

through some combination of stages (b), (c), (d) and (e). Each stage indicates a progression 

in the severity of the fatigue.

Different physical demands will lead to different physiological changes within the muscle 

and different states of muscle fatigue. Keyboard use is associated with highly repetitive 

finger movements whereas mouse use is more static in nature. These different muscle 

loading patterns have been used to explain why there are stronger injury associations 

between mouse use and MSDs when compared to keyboard use (Ijmker et al. 2007). Ijmker 

et al. (2007) showed that mouse use was more strongly and consistently associated with 

upper extremity musculoskeletal symptoms (higher risk estimates: odds ratio) as compared 

to keyboard use. The computer use has been more strongly associated with musculoskeletal 

symptoms in hand/arm regions than the symptoms in neck/shoulder (Ijmker et al. 2007; Gerr 

et al. 2004; Gerr et al. 2006). However, there has been a lack of physiological and/or clinical 

evidence to explain the different MSD associations between keyboard and mouse use; hence, 

the association between computer use and MSDs has long been debated (Waersted et al. 

2010).

Therefore, this study tested the hypothesis that the computer use could cause temporal 

changes in muscle twitch force, twitch contraction time, and ½ relaxation time. In addition, 

we also hypothesized that there will be temporal differences in the muscle twitch parameters 

between the keyboard use and mouse use. If there are temporal differences in the way the 

muscle fatigues, the present study may provide some physiological evidence to help explain 

the different MSD associations between keyboard and mouse.

Methods

Subjects

Through e-mail solicitations, a total of 18 subjects including 9 males and 9 females were 

recruited to participate in this experiment. Since the computer using population is comprised 

of both male and female computer users, gender was balanced to minimize potential bias 

due to gender distribution. All the participants were right-handed touch-typists without a 

history of upper extremity MSDs. Their average typing speed was 60.3 (SD 13.2) words 
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per minute (WPM), ranging from 42 to 85 WPM. Their average age was 24.9 (SD 4.9) 

years old, ranging from 21 to 34 years old. The experimental protocol was approved by 

the University’s Human Subject Committee, and all subjects provided the written informed 

consent prior to their participation in the study.

Experiment protocol

Using a repeated measures design, all subjects participated in five days of experimentation 

with one orientation day and four experimental days (Fig. 2). Between the experimental 

days, a minimum of 24 hours was allocated to minimize any residual fatigue effects from the 

prior experimental day. The four, eight-hour experimental days consisted of one control day 

when no work was performed and three exposure days comprising 6 hours of computer use 

(keyboard use, mouse use, and a combined activity consisting of 25% of keyboard and 75% 

mouse use) followed by 2 hours of recovery. There were 15-minute breaks in the morning 

and afternoon and a 30-minute lunch break in the middle of the day. The order of the four 

conditions was randomized.

As shown in Fig. 2, eight measurements were taken to evaluate the physiological state of the 

muscle. During each of those measurements, subjects were first asked to subjectively rate 

their muscle fatigue in the right hand, wrist, forearm, shoulder and neck using Borg CR-10 

scales (McLoone et al. 2009; Borg 1982). The questionnaires were programed by LabVIEW 

software (Version 2009; National Instruments; Austin, TX, USA) to automate the recording 

of the subjective measures. Then, to objectively measure muscle fatigue, subjects received 

2-Hz electrical stimulation to the right middle finger Flexor Digitorum Superficialis (FDS) 

muscle.

Repetitive and static movements during keyboard and mouse use are mainly driven by 

extrinsic finger muscles on the forearm. Thus, extrinsic forearm muscle was chosen for 

electrical stimulation. Due to its accessibility (superficial location) and primary role with 

computer use, the FDS muscle was evaluated since this muscle has been extensively studied 

in the previous physiological studies for computer-related MSDs and other muscle fatigue 

studies (Rempel et al. 1997; Dennerlein et al. 1998, 1999; Chang et al. 2009). In addition, 

the study of the extrinsic finger flexor muscles is supported by systematic reviews (Ijmker 

et al. 2007; Andersen et al. 2011) and epidemiological studies (Gerr et al. 2004; Gerr et al 

2004) which have shown that computer use is associated with musculoskeletal symptoms in 

the hand and arm regions.

Low frequency electrical stimulation (Chang et al. 2009; Bennie et al. 2002; Adamo et 

al. 2009; Adamo et al. 2002; Thomsen et al. 2007; Johnson et al. 2012) was used to 

measure muscle fatigue in FDS muscle at the beginning of the experiment, during the 6-hour 

exposure period, and during 2 hours of recovery. As shown in Fig. 3, muscle twitches 

were evoked at 2 Hz using a S48 stimulator, a SIU5 stimulus isolation unit and CCU-1 

constant current unit (Grass Instruments, W. Warwick, RI, USA). During the electrical 

stimulation, twitch forces were recorded at the rate of 5000 Hz using a 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). From the twitch forces collected, contraction times, ½ relaxation times, and total 
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twitch durations (contraction + ½ relaxation time) were calculated in real time using a 

LabVIEW program (Ver. 2009; National Instruments; Austin, TX, USA). As shown in figure 

3, contraction time was the duration between the baseline and the peak twitch force; ½ 

relaxation time was the duration between the peak twitch force and the half of the peak. The 

force transducer has a 3% of full-scale accuracy and bandwidth of 1,000 Hz (Smutz et al. 

1994; Dennerlein et al. 1999; Chang et al. 2009; Johnson et al. 2012).

On the orientation day prior to the four experimental days, the optimal location for 

administering electrical stimulation to the right middle finger FDS muscle was identified 

by moving two 2-milimeter diameter Ag-AgCl flat tip probes (Model: E208; In Vivo Metric, 

Healdsburg, CA, USA), with 20-mm center-to-center probe spacing, over the muscle belly 

of FDS until the muscle’s twitch force response reached a maximum with minimal muscle 

recruitment from the adjacent fingers. 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 superficial electrical stimulation of the muscle. The middle finger FDS 

muscle was thought to be a reasonable surrogate to the index finger muscle, given that the 

middle finger has similar strength to the index finger (Martin et al. 1996; Radwin and Jeng 

1997) and is also regularly used for both typing and mouse use (the right mouse button).

Once the optimal electrode sites for the right middle finger FDS muscle were identified, the 

subject’s maximum tolerable stimulation intensity was determined by gradually increasing 

the current intensity until the level of subject’s pain reached at six on a zero to ten pain scale 

(Hanchard et al. 1998). Since we could not stimulate the subject’s muscle supramaximally, 

the goal was to stimulate their muscle with the greatest amount of current intensity that 

they were willing to tolerate. This maximum tolerable current intensity was used on all 

subsequent experimental days. The stimulation duration was 100 μs and the current ranged 

from 10 to 30 milliamps (Fig. 3). For consistent electrical stimulation results across the four 

experimental days, the skin over the stimulation sites was marked with Hena ink. The Henna 

ink markings lasted up to 14 days and were reapplied as needed during the experiment.

On the four experimental days, the subject’s skin over the electrical stimulation site 

was prepared by cleaning with Alcohol Prep Pads (Dynarex; Orangeburg, NY, USA); 

then two 12-mm diameter Ag-AgCl surface electrodes (Model: Blue Sensor N; Ambu; 

Ballerup, Denmark) were placed on the muscle with a 20-mm center-to-center distance 

between the electrodes (Fig. 3). During electrical stimulation measurement, the FDS 

muscle was preconditioned with 2-Hz continuous electrical stimulation for 90 seconds in 

order to potentiate the muscle into a steady state where muscle twitch responses were 

relatively stable (Chang et al. 2009; Bennie et al. 2002; Adamo et al. 2009; Adamo et al. 

2002; Thomsen et al. 2007). Then, five, 15-twitch trains of electrical stimulations were 

administered and the muscle’s force response was measured (Chang et al. 2009).

The control condition was included to characterize the natural variability in the 

physiological response of the muscle across an 8-hour period. The control condition 

consisted of no computer work and only the temporal tasks and measurements outlined in 
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Fig. 2(a) were collected. In the control condition and recovery period, subjects were allowed 

to read books, listen to music, or watch movies in the laboratory.

On the keyboard use day, subjects were asked to type text from a book at their normal typing 

speed four times for 75 minutes (Fig. 2(b)). The text consisted of chapters from Grimm’s 

Fairy Tales and had a Flesch-Kincaid grade level of 5.1 – 5.7 indicating the text would 

easily be understandable by an average twelve year old. All participants were given the same 

chapters to type but the order of chapters was randomized.

On the mouse use day, to strike a balance between boredom and providing a standardized 

task for subjects to perform, participants were asked to play the computer card game 

Solitaire four times for 75 minutes (Fig. 2(c)). The card game Solitaire was chosen since it 

required the user to engage in all the major mouse activities including moving the mouse, 

dragging objects, and clicking on the mouse button.

The two conditions described above allowed us to investigate whether there were different 

physiological responses when the FDS muscle was exposed to keyboard and/or mouse 

use. However, those two conditions performed in isolation may not well represent realistic 

computer use since both the keyboard and mouse are used together during normal computer 

operation. Therefore, on the combined keyboard and mouse use day, subjects were asked to 

alternatively use the mouse (play Solitaire) and keyboard (type text) for 15 minutes and 5 

minute for four 75-minutes sessions (Fig. 2(d)). The proportion of keyboard and mouse use 

was determined based on previous studies showing that mouse use durations were typically 

four-fold longer than keyboard use (Chang et al. 2008; Mikkelsen et al. 2007; Chang et al. 

2007).

Data analysis

Twitch forces and twitch durations (contraction, ½ relaxation, and total contraction time) 

were normalized to the pre-exercise, baseline measures obtained before each condition 

(0 minutes) to enable comparisons between the conditions. 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 any differences in twitch force and/or twitch durations between the four conditions. 

In the model, subject was included as a random effect; measurement time and condition 

were treated as fixed effects. Since our primary interest was to determine whether muscle 

twitch responses changed after computer use, rather than using a Tukey post hoc which 

requires multiple pairwise comparisons, the Dunnett’s test was used since it only compares 

the muscle twitch responses after computer use to the control, baseline measures. As 

subjective fatigue measures were not continuous (non-Gaussian) variables, Friedman test 

and post-hoc multiple comparisons (non-parametric repeated-measures ANOVA) in R (R 

2.13.2, Development Core Team) were used to determine the effect of intensive computer 

use on subjective measures of muscle fatigue. Significance was noted when Type I error is 

less than 0.05.
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Results

The results showed that there were significant differences between the conditions in twitch 

force, total twitch duration, contraction time, and ½ relaxation time (Table 1). All the 

twitch responses also differed over time. The interaction effect between condition and time 

was not significant for the twitch force, indicating that patterns of twitch force changes 

over time were not significantly different across the four different conditions. In contrast, 

the significant interaction effects between condition and time for total twitch duration, 

contraction time, and ½ relaxation time indicated that there were significant temporal 

differences across the four conditions. Detailed comparisons by condition are included in 

the next section.

Muscle twitch force

Comparisons of the normalized muscle twitch forces by the different exposure conditions 

are summarized in Fig. 4(a). In the control condition, FDS muscle twitch forces at 75 and 

165 minutes (1.05 and 1.04 N, respectively) were approximately 10% higher than their 

initial measure (0.96 N) (p = 0.02 and 0.04, respectively). In the keyboard condition, FDS 

muscle twitch forces measured after the four typing sessions (1.29, 1.35, 1.28, and 1.35 

N at 75, 165, 270, and 360 minutes, respectively) increased between 25 – 31% compared 

to the pre-exercise value (1.03 N) (p’s < 0.01); then the forces decreased and returned 

towards pre-exercise levels during the recovery period. Alternatively, in the mouse condition, 

the muscle twitch forces increased approximately 25% after the first 75 minutes of mouse 

use (from 0.99 to 1.24 N, p = 0.002) and then declined in the following three 75-minute 

sessions. In the combined keyboard and mouse use condition, the twitch forces measured 

at 75, 165, 270, and 360 minutes (1.27, 1.25, 1.22, and 1.22, respectively) were 15 – 20% 

higher than the pre-exercise, baseline measure (1.06 N) (p’s < 0.007); however, the forces 

decreased and returned towards pre-exercise levels during the recovery period.

Total twitch duration

The comparisons of the normalized total twitch durations are shown in Fig. 4(b). The 

total twitch durations (contraction + ½ relaxation times) were relatively stable in control 

condition averaging 103.8 (± 2.2) ms. The total twitch durations measured during keyboard 

use shortened by 3% at 360 minutes (from 102.8 to 99.6 ms, p = 0.04); then, the twitch 

durations gradually retuned to pre-exercise levels during the recovery period. In contrast, 

during mouse use, the total twitch duration lengthened up to 11% at 165 minutes (from 

101.7 to 113 ms, p < 0.0001) and remained elevated during the 6 hours of mouse use 

(p’s < 0.001), then returned towards the pre-exercise levels during the 2-hours of recovery. 

In the combined keyboard and mouse use condition, the total twitch duration lengthened 

by 5% with the total twitch durations measured at 75 (109.3 ms) and 165 minutes (109.6 

ms) significantly longer than the pre-exercise (104.1 ms) measures (p = 0.007 and 0.01, 

respectively). Then, in the 2-hours of recovery, the total twitch durations returned towards 

the pre-exercise levels.
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Contraction time

Changes in muscle contraction time by the different conditions and times are summarized 

in Fig. 4(c). Muscle contraction times were relatively stable in the control and keyboard 

conditions. However, in the mouse condition, the contraction times measured at 75, 165, and 

270 minutes (56.6, 57.9, and 55.8 ms) were 3–7% longer than their pre-exercise values (54.0 

ms) (p = 0.0004, p < 0.0001, and p = 0.02, respectively). In the combined keyboard and 

mouse condition, the contraction times lengthened and were significantly longer at 75 and 

165 minutes (56.4 and 56.8 ms) compared to the pre-exercise measures (54.1 ms) (p = 0.005 

and 0.0006, respectively).

One-half relaxation time

As shown in Fig. 4(d), in the exposure conditions, the normalized ½ relaxation times were 

more affected than the muscle contraction times. In the control condition, ½ relaxation times 

were relatively stable compared to the other conditions with no significant differences across 

the measurement periods. In the keyboard condition, ½ relaxation times systematically 

shortened (p = 0.02) and were approximately 5% shorter at 360 minutes (46.7 ms) compared 

to pre-exercise measures (49.1 ms); then, ½ relaxation times returned to the pre-exercise 

levels in the 2-hour recovery period. In contrast, in the mouse condition, ½ relaxation times 

measured after 75 minutes (52.3 ms) were 10% longer (p < 0.0001) than the pre-exercise 

measures (47.7 ms) and remained lengthened during 6 hours of mouse use periods relative 

to the pre-exercise measures (p’s < 0.0002). During the 2-hour recovery period, the ½ 

relaxation times only recovered slightly and were still 6% longer at 390 and 420 minutes 

(50.8 and 50.5 ms, p = 0.01 and 0.04, respectively) than the pre-exercise measures. In the 

combined keyboard and mouse condition, ½ relaxation times did not significantly increase.

Subjective fatigue measures

Subjective fatigue ratings in all the body parts significantly differed across all the four 

conditions and over time (Table 2). The perceive fatigue ratings were lowest in the control 

condition and there were no significant differences in the fatigue ratings between the three 

experimental conditions. Across all the conditions, the perceive fatigue ratings on all the 

body parts increased over time during the computer use and decreased during recovery.

According to the post hoc tests, in the control condition, subjective peripheral fatigue 

measures in right hand, right wrist, right forearm, right shoulder, and neck were relatively 

stable and did not differ from their initial responses. Alternatively, in the other exposure 

conditions, subjective peripheral fatigue in hand, wrist, forearm, shoulder, and neck 

significantly increased (p’s < 0.0001) during the four 75-minute blocks of exposure periods; 

then the subjective peripheral fatigue levels decreased in the recovery period but remained 

above the pre-exercise, baseline levels (Fig. 5). Across the exposure conditions, the intensive 

typing task (keyboard conditions) resulted in the greatest levels of subjective peripheral 

fatigue whereas combined keyboard and mouse use resulted in the lowest levels.
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Discussion

The present study was conducted to determine whether 6 hours of intensive computer use 

caused any temporal changes in the physiological status of a targeted extrinsic finger muscle 

(right middle finger FDS) and whether any differences in these physiological changes 

existed between the different exposure conditions. Although the classical low-frequency 

fatigue (reduced twitch force and increased twitch duration) did not occur in this study, the 

results indicated that intensive keyboard use, mouse use, and combined mouse and keyboard 

use all caused temporal changes in the physiological response of the muscle with different 

precursor stages of low-frequency muscle fatigue being observed. With respect to the 

observed changes in the outcome measures, the greatest differences between conditions and 

with respect to time were seen in the twitch forces. With respect to the muscle contractile 

parameters, the most notable changes were in the ½ relaxation time measurements indicating 

that low force computer work may more selectively affect ½ relaxation times.

As expected, twitch durations and subjective peripheral fatigue did not change over time in 

the control condition when there was no physical exposure. However, despite no exposure, 

twitch forces in the control condition increased by 10% relative to pre-exercise, baseline 

measures. Chang et al (2009) also found that twitch forces of the FDS muscle changed 

during the control (no exercise) condition. This increased twitch force could have been due 

to simple diurnal changes caused by a gradual increase in the subjects’ muscle temperature 

over the course of the experiment (He et al. 2000; Bennett 1985; De Ruiter and De 

Haan 2000). Nonetheless, the 10% increase in twitch force during the control condition 

was significantly less than the 20 to 30% increases measured in the other experimental 

conditions.

In the condition involving 6 hours of intensive keyboard use, muscle twitch durations 

systematically shortened whereas muscle twitch forces significantly increased. These 

temporal changes in twitch duration and force are typical features of muscle potentiation 

(Vandervoort et al. 1983; Garner et al. 1989; Miyamoto et al. 2011; Gossen and Sale 2000; 

Hamada et al. 2000a; Oleary et al. 1997; Green and Jones 1989); therefore, potentiation was 

the likely cause behind the increase in the force output of the muscle and a shortening of 

the muscle’s contraction duration. The results indicated that dynamic muscle contractions 

associated with prolonged typing on the keyboard resulted in muscle potentiation (early-

stage muscle fatigue).

After the first 75-minute session of intensive mouse use, both muscle twitch force increased 

and twitch duration significantly increased lengthened, indicating the coexistence of muscle 

potentiation and fatigue (as described in Fig. 1(c)). In the remaining three 75-minute blocks 

of mouse use, the twitch forces systematically decreased over time while twitch durations 

remained lengthened (Fig. 4(a, b)). As shown in Fig. 1, the decreased twitch force from 

potentiated levels and the lengthened twitch duration (Fig 1(c)) indicated that the muscle 

was in a state where potentiation and fatigue coexisted (Vandervoort et al. 1983; Fowles 

and Green 2003; Grange and Houston 1991; Rassier and Macintosh 2000). Furthermore, 

the systematic decline of the twitch force demonstrated that the physiological status of the 

muscle was on a path where if the exposure was long and intense enough, the potentiation 
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and fatigue could have given way and the muscle could have entered into a state of classical 

muscle fatigue (Fig. 1(e)).

These results showed that the temporal changes in muscle twitch force and twitch 

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 (potentiation) 

whereas the mouse use induced more severe state of early-stage muscle fatigue (coexistence 

of potentiation and fatigue). This finding supports previous study findings that the mouse 

use is more strongly associated with MSDs, compared to keyboard use (Ijmker et al. 

2007; Andersen et al. 2003; Kryger et al. 2003; Lassen et al. 2004). Although previous 

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 finding may provide some physiological evidence to help explain 

the different MSD associations with keyboard and mouse.

In the combined intensive keyboard and mouse condition, the physiological state of the 

muscle was between the levels measured from keyboard use (potentiation) and mouse 

use (potentiation and fatigue). As observed in the keyboard condition, the muscle twitch 

forces in the combined keyboard and mouse condition significantly increased and remained 

elevated compared to pre-exercise, baseline measurements. Similar to the changes in the 

mouse condition, in the combined keyboard and mouse condition, the muscle twitch 

durations also lengthened. Each 75-minute block in the combined keyboard and mouse 

use condition consisted of a series of blocks consisting of 15-minute mouse use followed 

by 5-minute keyboard use (Fig. 2(d)). This ratio of mouse to keyboard use occurs during 

actual computer work (Chang et al. 2008). 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 use condition. The 

intermediate level of fatigue may be due to the physical variation in muscle loading created 

by switching between using the mouse and keyboard. Since monotonous and repetitive 

tasks are well-known risk factors for muscle fatigue and MSDs (Tayyari and Smith 1997; 

Ijmker et al. 2007), task variation is thought to be one of the more effective administrative 

ergonomic interventions (Tayyari and Smith 1997). Previous studies have shown that 

task variability may delay the onset and development of muscle fatigue (Srinivasan and 

Mathiassen 2012) and reduce muscle tissue damage through reperfusion of ischemic 

muscles (Visser and van Dieen 2006). The mixture of two different tasks may have increased 

the task variability and the resultant variability in muscle load and therefore resulted in the 

intermediate level of fatigue.

The results showed that ½ relaxation time lengthened in the mouse condition and the 

combined condition (keyboard and mouse) whereas ½ relaxation time systematically 

shortened in the keyboard condition (Fig. 4(c, d)). The ½ relaxation time is known to be 

sensitive to pH (Renaud and Stevens 1981; Pasquet et al. 2000) as high concentration of 

hydrogen ions (low pH) can slow down muscle relaxation (Allen et al. 1995). Relative 

to keyboard use which is more dynamic, the static posture and muscle loading during 

mouse operation may have resulted in greater metabolite concentrations (such as hydrogen 
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ions) and therefore contributed to the lengthening of the ½ relaxation times. Because a 

lengthening of ½ relaxation times is one of the common observations in fatigue studies 

(MacIntosh et al. 2006), the lengthening of ½ relaxation times observed in the mouse and the 

combined mouse and keyboard conditions may indicate the early onset of muscle fatigue. 

Moreover, the temporal changes in ½ relaxation times were greater and therefore had greater 

contribution to the temporal changes in the total twitch durations (contraction time + ½ 

relaxation time) compared to the contraction time. This finding is consistent with previous 

findings (MacIntosh et al. 2006; Celichowski et al. 2006) that the prolongation of muscle 

contraction times is predominantly due to a prolongation of ½ relaxation times.

Unlike the control condition where there were no significant changes in subjective peripheral 

fatigue measures over time, during computer input device use, the peripheral fatigue 

measures increased and then returned towards baseline levels in the two hour recovery 

period. There were more pronounced changes in the hand and wrist regions compared to 

the neck and shoulder. This finding is aligned with previous epidemiological studies which 

have shown that computer use was more strongly associated with hand and wrist symptoms 

than neck and shoulder symptoms (Ijmker et al. 2007; Gerr et al. 2004; Gerr et al. 2006). 

Although the results indicated that all three conditions of intensive computer use resulted 

in early precursor stages of muscle fatigue rather than classical muscle fatigue (decreased 

twitch force and lengthened contraction times), the subjective peripheral fatigue measures in 

hand and forearm appeared to be disproportionally high for early or intermediate precursor 

stages of muscle fatigue as compared to the changes in the twitch force and contraction time. 

Previous studies (Valencia 1986; Greening and Lynn 1998) have shown that the subjective 

sense of peripheral fatigue is not necessarily synchronized with the objective measurement 

of muscle fatigue. Even low concentrations of metabolites produced by muscle contraction 

could increase blood pressures in the muscle (Alam and Smirk 1937). Sensory afferents 

could detect both the contraction-produced metabolites and increase blood pressure in the 

muscle; consequently, the sensation of muscle fatigue could increase (Light et al. 2010). At 

this early stage, the muscle twitch force and twitch duration may not be affected by the low 

concentrations of metabolites. This argument can be supported by a previous study (Valencia 

1986) finding that subjective muscle discomfort preceded the measurement of peripheral 

muscle fatigue.

Similar to the results in this study, when human subjects have been exposed to long duration 

(30 minutes) relatively low intensity exercise (15% MVC), the time–course for post-exercise 

potentiation recovery has been shown to be quite long taking up to 60 minutes (Chang 

et. al. 2009. In contrast, after shorter duration with moderate to maximal exercise (> 30% 

MVC), post-exercise muscle potentiation appears to be much shorter in duration, lasting 10 

minutes or less (Green and Jones 1989; Fowles and Green 2003). Other studies have shown 

that potentiation duration can be affected by various factors such as intensity, duration, and 

frequencies of the exercise (Grange and Houston 1991; Fowles and Green 2003).

Additionally, in the mouse use condition, ½ relaxation times were lengthened and did 

not completely recover to the pre-exercise levels during the two-hour recovery period 

(Fig. 4(d)). This persistent prolongation of ½ relaxation times is known to be associated 

with impairment in the sarcoplasmic reticulum Ca2+ uptake (Sjoholm et al. 1983). As the 
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prolonged ½ relaxation time indicates onset of muscle fatigue (MacIntosh et al. 2006), this 

delayed recovery of ½ relaxation time may suggest the delayed recovery of muscle fatigue, 

which is one of the key characteristics of low-frequency fatigue (LFF) (Edwards et al. 1977). 

This delayed fatigue recovery may indicate that the mouse use caused early stage of LFF 

and that the five hours of mouse use may require at least two hours of rest for the muscle 

to recover. Chang et al. (2009) also showed that 15 %MVC fatiguing exercise induced LFF 

and that it took longer than one hour for twitch forces and ½ relaxation time to recover to 

baseline levels.

The limitations of this study include generalizing the findings to computer use in actual 

occupational settings and limitations associated with electrical stimulation of the muscle. 

First, all the computer use conditions were standardized to minimize task-specific effects 

on muscle fatigue. However, the standardized tasks may not represent realistic occupational 

computer work; therefore, it is not clear if the physiological changes observed in this 

laboratory-based study will be similar to these changes under actual occupational computer 

use. Second, muscle fatigue was evaluated in only one muscle (FDS); therefore, the 

interpretations of study findings should be limited to the FDS muscle. FDS muscle was 

chosen because 1) repetitive and static movements during computer use are mainly driven 

by extrinsic finger muscles in the forearm; 2) FDS muscle is superficial that it can be 

readily and non-invasively stimulated with surface electrodes; 3) epidemiological studies 

have shown that computer use is strongly associated with musculoskeletal symptoms in 

hand/arm regions. However, since computer use can affect other muscles (e.g. extensors) 

and other body regions such as the neck and shoulder regions, studying other muscles and 

body regions may be merited. Lastly, electrical stimulation may have affected physiological 

changes of the muscle as previous studies noted (Dennerlein et al. 2003; Chang et al. 2009). 

However, as the intensity and duration of the computer tasks were much longer and greater 

compared to the administration of the electrical stimulation, therefore the fatigue effects 

associated with the electrical stimulation were likely negligible.

Conclusions

The results showed that 6 hours of actual computer use caused physiological changes in 

the FDS muscle and that the physiological changes observed during mouse use were more 

substantial compared to keyboard use. Despite the absence of classical muscle fatigue during 

actual computer use, the accumulation of the physiological changes observed in this study 

may be eventually associated with the development of classical muscle fatigue. Therefore, 

the difference physiological changes of FDS muscle between keyboard and mouse use found 

in the present study may provide physiological evidence to support the previous findings that 

the mouse use is more strongly associated with MSDs than the keyboard use.
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Fig 1. 
Schematic representation of the temporal stages leading to muscle fatigue: (a) fresh, (b) 

potentiated, (c) potentiated and fatigued (increase in force and contraction duration), (d) 

potentiated and fatigued (decrease in force and contraction duration), and (e) fatigued. 

Each stage indicates a progression in the severity of the fatigue. Stages (b), (c), (d) and 

(e) are transient states which are dependent on the type of fatiguing exercise. Typically 

some combination of stages (b), (c), (d) and (e) will be measured but the muscle will not 

necessarily go through all five stages.
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Fig 2. 
Experimental design: (a) control condition, (b) keyboard condition, (c) mouse 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 to electrical 

stimulation (ES) and self-reported their peripheral muscle fatigue (PF) were measured
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Fig 3. 
Diagram of the twitch measurement apparatus as seen from the side and twitch force 

measures: (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), ½ RT (½ relaxation time), and total contraction duration (CT + ½ RT). 

Inserts show the electrical stimulation and the resultant muscle twitch
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Fig 4. 
Comparisons of the normalized muscle contraction responses by the four different exposure 

conditions [n = 18]: (a) twitch force, (b) total twitch duration (contraction time + ½ 

relaxation time), (c) contraction time, (d) ½ relaxation time. Shaded columns indicate 

75-minute blocks of exposure time (keyboard or mouse use); white columns indicate the 

rest breaks between the blocks (15, 30, and 15 minutes, respectively) and the two-hour 

recovery periods. All the values normalized by the initial values at time 0. Asterisks denote 

statistically significant differences from baseline measures at time 0 (p < 0.05). Standard 

error bars were omitted for clarity
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Fig 5. 
Changes in subjective peripheral muscle fatigue measures [n = 18]. Shaded columns indicate 

75-minute blocks of exposure time (keyboard and/or mouse use); white columns indicated 

the rest breaks between the blocks (15, 30, and 15 minutes, respectively) and the two-hour 

recovery periods. All the values normalized by the initial values at time 0. Asterisks denote 

statistically significant differences from baseline measures at time 0 (p < 0.05). Standard 

error bars were omitted for clarity
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Table1.

Mean (Standard Error) and the p-values for the muscle twitch forces (N), total twitch durations (contraction 

time + ½ relaxation times in milliseconds: ms), contraction times (ms), and ½ relaxation times (ms) across 

conditions, followed by the p-values for time and the condition by time interactions. Asterisks denote 

statistical significance (p < 0.05).

Effect Twitch Force Twitch duration Contraction time 1/2 relaxation time

Control 1.02 (0.04) 103.83 (0.89) 54.37 (0.34) 49.45 (0.63)

Keyboard 1.22 (0.06) 101.66 (0.72) 53.57 (0.26) 48.09 (0.51)

Condition Keyboard & Mouse 1.17 (0.05) 106.58 (0.94) 55.34 (0.33) 51.24 (0.67)

Mouse 1.10 (0.05) 106.75 (0.91) 55.45 (0.37) 51.30 (0.61)

P-value 0.0179* 0.0012* 0.0033* 0.0027*

Time P-value <0.0001* 0.0002* <0.0001* 0.0062*

Condition × Time P-value 0.1802 <0.0001* 0.0011* <0.0001*
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Table 2.

Mean (Standard Error) and the p-values for differences in subjective peripheral fatigue ratings in the right 

hand, wrist, forearm, shoulder and neck, followed by the p-values for time and the condition by time 

interactions.. A Borg CR-10 scale was used with 0 being no fatigue and 10 being extremely fatigued. Asterisks 

denote statistical significance (p < 0.05).

Effect Hand Wrist Forearm Shoulder Neck

Condition

Control 0.3 (0.04) 0.3 (0.05) 0.3 (0.06) 0.4 (0.07) 0.6 (0.07)

Keyboard 2.3 (0.17) 2.9 (0.19) 1.8 (0.14) 2 (0.17) 2.5 (0.18)

Keyboard & Mouse 1.5 (0.14) 1.6 (0.15) 1.0 (0.11) 1.3 (0.13) 1.4 (0.13)

Mouse 2.1 (0.16) 2.1 (0.17) 1.4 (0.14) 1.5 (0.14) 1.8 (0.16)

P-value <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Time P-value <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Condition × Time P-value <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*
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