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Abstract

The pattern of work and rest can influence both physical fatigue and task performance in manual
operations. However, there is relatively limited evidence regarding the influences of specific
work/rest schedules in tasks requiring high repetitiveness and precision demands, along with
relatively low exertion levels. Eighteen participants completed an exploratory study that
simulated such tasks, to compare the effects of three distinct work/rest schedules (i.e., short
frequent [short] and long infrequent breaks [long], and a self-selected schedule) on muscle
fatigue, task performance (in terms of accuracy and speed), and preference. Schedules with long
or self-selected breaks generally induced less muscle fatigue, compared with the short break
condition. Participants preferred the self-selected condition the most and the long-break
condition the least. The different schedules tested did not influence task performance. A self-
selected schedule may be beneficial for repetitive precision task, to achieve a balance across
muscle fatigue, task performance, and individual preference.

Practitioner Summary

Influences of three work/rest schedules (i.e., short and long breaks, and a self-selected schedule)
on fatigue, performance, and preference were explored during repetitive precision tasks.
Schedules with long or self-selected breaks induced less muscle fatigue and none of the three
schedules influenced performance. A self-selected schedule was the most preferred.
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1. Introduction

Musculoskeletal disorders (MSDs) remain an important concern around the world. In 2018 for
example, among the occupational injuries and illness causing DAFW (days away from work)
cases in the U.S. private sector, 30% were MSD-related (Bureau of Labor Statistics, 2020). The
European Agency for Safety and Health at Work also reported that work-related MSDs are the
most prevalent work-related health problem (de Kok et al., 2019). Among several adverse

effects, work-related MSDs can lead to diverse occupational disabilities (Crook et al., 2002).

Excessive muscle requirements are considered an antecedent of MSDs (Armstrong et al., 1993),
and can also lead to fatigue and reduced worker performance. One review indicated that operator
fatigue and workload factors mediate the relationship between inadequate ergonomic design and
decreased system performance (Neumann et al., 2016). As one example, we examined the effects
of wrist fatigue on specific motor skills (i.e., stability and dexterity), finding that fatigue reduced
critical motor skills of operators that are required for fine assembly tasks (Tsao et al., 2017). In a
similar context, a recent study explored the relationship between task performance and physical
and cognitive fatigue, supporting that measures of fatigue share a similar pattern with changes in
work performance, and that there was an association between fatigue and work performance

(Yung et al., 2017).



Various work patterns have been studied to evaluate their influence on fatigue. Task parameters,
such as the workload level (Ivarsson & Eek, 2016; Rosa et al., 1998), the temporal variation of
specific workloads (Dickerson et al., 2015; Luger et al., 2017; Paquet & Nirmale, 2004; Yung et
al., 2012, 2014), and the activity/workload variation of tasks (Balogh et al., 2016; Falla & Farina,
2007; Luger et al., 2015, 2016) have been found to affect fatigue development. Work pace, for
instance, influences workload, fatigue, and motor variability (Januario et al., 2018; Srinivasan et
al., 2015; Bosch et al., 2011). Both active (voluntary) and passive (scheduled) pauses also
influence fatigue development and motion variability (Crenshaw et al., 2006; Samani et al.,
2009, 2010). Job rotation models and guidelines based on pre-determined exposure levels have
been introduced to reduce fatigue and subsequent adverse effects (Bechtold, 1991; Mathiassen &
Winkel, 1992; Rajabalipour Cheshmehgaz et al., 2012; Yoon et al., 2016). However, the specific
influences of interventions related work patterns have been found to be inconsistent (e.g., see
reviews by Leider et al., 2015 and Padula et al., 2017 for the influence of job rotation; Luger et
al., 2014 and Lu et al., 2021 for the influence of task variation; and Januario et al., 2016 for the

influence of active pauses).

The effects of work patterns on task performance (e.g., speed and accuracy) also have been
evaluated in previous studies, though the findings were also somewhat inconsistent. For
example, Henning et al. (1989) found that introducing a longer rest period led to a lower

correction rate (i.e., better accuracy) than a short rest duration during a two-day repetitive typing
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task. However, Balci & Aghazadeh (2003) observed the fastest speed and the highest accuracy in
a data entry task when the work cycle and the rest periods were short and frequent. Rashedi &
Nussbaum (2016) also reported superior force steadiness in shorter (30s) vs. longer work cycles
(60s) during intermittent muscle contractions. Further, Park et al. (2017) found that active
exercise during short breaks were beneficial to surgeon performance and mental focus.
Meanwhile, other researchers have reported no significant influences of work patterns on task
performance. McLean et al. (2001) evaluated the effects of task duration or rest periods on
typing task productivity, but found no significant difference in output. In surgical tasks,
Komorowski et al. (2015) and Hallbeck et al. (2017) reported no significant influences of

work/rest schedules on surgical precision.

Among several alternative work patterns, the use of micro-breaks has been considered by several
investigators. Micro-breaks are short, but relatively frequent rest periods, given in between
physical tasks to provide rest and recovery. A review of relevant studies using micro-breaks to
reduce fatigue during various tasks was provided by Vijendren et al. (2020). To summarize,
implemented breaks have ranged from 6 to 120 seconds, with most between 20 and 30 seconds.
Regardless of the specific type of implemented rest (e.g., active, passive, or guided exercises),
benefits were generally evident in terms of reduced discomfort and fatigue. Bystrom et al. (1991)
hypothesized that introducing micro-breaks could postpone the subjective feeling of fatigue,

which may mistakenly lead participants to work excessively and thereby indirectly increase the
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risk of MSD. Overall, existing evidence suggests that micro-breaks do not adversely influence

task performance.

For highly-repetitive tasks, such as in light assembly, it thus appears that using short/micro-
breaks could be a promising intervention for reducing upper-extremity fatigue, although a
majority of earlier studies have focused on surgical (Dorion & Darveau, 2013; Hallbeck et al.,
2017; Komorowski et al., 2015; Park et al., 2017) or video display terminal tasks (Chaikumarn et
al., 2018; Henning et al., 1989; McLean et al., 2001; Sundelin & Hagberg, 1989). Note that the
U.S. Occupational Safety and Health Administration suggests introducing short/micro breaks
when work involves static postures or is highly repetitive (OSHA, 2001, 2003). We are
particularly interested in electronic assembly lines, in which tasks have somewhat distinct
characteristics, including very high repetitiveness and precision demands, together with fairly
low required exertion levels. Even when the level of physical exertion is relatively low, there is
evidence that prolonged intermittent contractions can cause physical fatigue and potentially
increase the risk of worker injury (Dennerlein et al., 2003; Gates & Dingwell, 2008; Segaard et
al., 2003; Visser et al., 2004). Additional behavioral and physiological changes may also
decrease operator well-being (Mehta et al., 2015). While many strenuous manual material
handling tasks are being replaced by machines, some repetitive, high-precision, and low-demand
tasks remain difficult to automate. We assume that such tasks are likely to be completed

manually in the future, due to the benefits of human dexterity and flexibility (Ivarsson & Eek,
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2016; Mathiassen, 2006). As such, additional investigation of the effects of different types of

short/micro-breaks was considered warranted.

We completed an exploratory study to compare the effects of three distinct work/rest schedules
in the context of repetitive precision tasks. The three schedules involved fixed intervals of short
frequent and long infrequent breaks, along with a schedule in which breaks were self-selected; in
all three cases, the total amount of work and rest was identical. Each of the schedules was
evaluated in terms of muscular fatigue, task performance (accuracy and speed), and preference.
Based on existing evidence, we anticipated that the use of short and frequent work breaks would
lead to less fatigue or enhanced recovery compared with long and infrequent work breaks (Lin et
al., 2012; Rashedi & Nussbaum, 2016; Wawrow et al., 2011). We also expected that a self-
selected schedule would be preferred by the participants, due to the higher level of control it
provided (Luger et al., 2016; Stalhammar et al., 1992). Given ambiguous findings in previous
studies, a substantial influence of work/rest schedules on performance was considered unlikely.
Furthermore, previous evidence has highlighted gender differences in muscle fatigability and
muscle motor recruitment strategies (Clark et al., 2003; Endo & Kawahara, 2011; Rashedi &
Nussbaum, 2016; Srinivasan et al., 2016). Based on earlier findings (Endo & Kawahara, 2011;
Horton et al., 2012), we expected females would experience less muscle fatigue and smaller

effects of fatigue on task performance.



2. Methods

2.1. Participants

A convenience sample of 18 healthy and young volunteers (gender-balanced) completed the
experiment. None had any current or recent (~12 months) MSDs or injuries, and their
demographic information is summarized in Table 1. All participants provided informed consent,

and the experimental protocols were approved by the Virginia Tech Institutional Review Board

(IRB #18-608).

Table 1. Mean (SD) participant characteristics (BMI = body mass index)

Age Stature Body Mass BMI
Gender (years) (cm) (kg) (kg/m?)
Female (n=9) 249 (3.5) 163.3 (7.3) 58.6(8.2) 22.0(3.2)
Male (#=9) 26.3 (4.1) 173.2 (5.5) 71.4(7.2) 23.8(2.3)
Total 25.1(3.9) 1683 (8.1) 65.0 (9.9) 229 (2.9)

2.2. Experimental Design

Repetitive Task Simulations

The current study included activities used in our previous work; as such, a brief overview is
given here, with more details provided in our earlier report (Tsao et al., 2020). A simulated
repetitive task was used with a cycle time of ~15 seconds, and each cycle is termed a
“replication” hereafter. Replications consisted of two sub-tasks to represent typical skills and
activities required in precision assembly lines (Figure 1): 1) maze tracking (5 seconds),
simulating tasks that require stability and precision; and 2) an assembly/disassembly task (10
seconds), representing tasks that require manual dexterity. Maze tracking was completed using a
stylus on a tablet (Galaxy Tab2 P5110, resolution = 800 x 1280 pixels, Samsung Electronics Co.,

Ltd., South Korea), while assembly/disassembly was done using the Purdue Pegboard (Model



32020A, Lafayette, IN, USA). Periods of one-half-second were included between the two sub-
tasks to allow for transitions between each. All testing was done in a laboratory environment
(Figure 2), which was kept consistent for all participants (i.e., temperature, lighting, and noise

level).
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Figure 1. Illustrations of the two experimental sub-tasks; completing both sub-tasks comprised

holes was “target”

one ‘work replication’. Top: maze tracking with display of remaining number of work
replications and rest duration. Bottom: assembly/disassembly. For the latter, the eight distinct

and sequential movements are indicated.



Figure 2. Configuration of the experiment. Left: participant doing maze tracking, showing surface

EMG sensors on the dominant arm. Right: participant doing the assembly/disassembly task.

Work/Rest (W/R) Schedules

Participants completed multiple replications of the task under three W/R schedules, which
included: 1) Long, infrequent rest breaks (“Long”); 2) Short, frequent rest breaks (“Short™); or 3)
a Self-selected schedule, in which participants determined the frequency and the duration of rest
breaks (“Self-selected”). Specific aspects of the W/R schedules, as subsequently described, were
based on both existing literature and our previous study (Tsao et al., 2020). In each W/R
schedule, the total work duration was 40 minutes. This specific duration was based on our earlier
results (Tsao et al., 2020), which indicated that participants could maintain stable performance
for 40 minutes of work without extreme fatigue or physical discomfort. Total rest duration was
based on our field observations in an electronic production factory, wherein workers usually
work for two hours before getting a 10 to 15-minute rest period, yielding a W/R ratio of ~12:1 to
8:1. To reflect this, a total rest time of four minutes was provided during the 40-minute work

periods, resulting in a W/R ratio of 10:1.
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In all three W/R schedules, participants needed to work (do the repetitive task) for 40 minutes
(160 replications) and had a total resting time of four minutes. The three schedules differed,
though, in how the resting time was distributed. In the Long-break condition, participants worked
for 20 minutes (80 replications) then had a rest break of 120 seconds, and this pattern was
repeated once more (Figure 3A). In the Short-break condition, rest periods of 30 seconds were
provided after every 5 minutes of work, with this pattern completed a total of eight times (Figure
3B). The noted rest duration was chosen since 20-30 seconds is a common duration that has been
used in previous studies (Dorion & Darveau, 2013; Genaidy et al., 1995; Henning et al., 1989;
McLean et al., 2001; Vijendren et al., 2020). In the Self-selected condition, rest breaks were
taken according to a participant’s preferences regarding when and how long to rest (Figure 3C).
Feedback ensured that participants worked for a total of 40 minutes in this condition and that the
total duration of rest was limited to four minutes. Specifically, the remaining rest time and
remaining work replications were both displayed on the tablet during the maze and assembly
tasks (see Figure 1). All the three schedules included a final rest period after the 160™ replication
(i.e., 120 seconds in the Long-break condition, 30 seconds in the Short-break condition, and the
remaining of the 4 minutes in the Self-selected condition); this final period was included to

complete the last replication.
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Figure 3. Illustration of the three work/rest schedules included in the study. A: Long, infrequent
rest breaks; B: Short, frequent rest breaks; and C: Self-selected rest break frequency and duration.

Note that the latter varied between participants, and the illustration is provided only as an example.
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Experimental procedures

Each participant completed the experiment in two sessions. These sessions were either
completed in a single day or in two separate days, depending on the availability of a given
participant. For the former, the two sessions were separate by at least four hours to facilitate
recovery and minimize any residual fatigue. The presentation order of the three W/R schedules

was counterbalanced across participants using multiple 3x3 balanced Latin Squares.

In the first session, participants were familiarized with and practiced the task, and then
completed the 1% W/R condition. Demographic and anthropometric information was obtained
initially. A seated workstation (desk and chair) was then configured to a given participant
(Figure 2), such that the work surface was at seated elbow height, and the chair height placed the
feet were on the floor and the knee joints at ~90°. The Purdue Pegboard was placed on the
worksurface, oriented horizontally, whereas the tablet was set at ~15° below the horizontal.
Participant seated eye height was recorded after the workstation was configured, and was then
duplicated in the second session. After measuring a participant’s elbow-to-fist length, one hole in

the Purdue Pegboard was selected as the “target” hole for use during assembly/disassembly.

Subsequently, participants were instrumented with surface electromyography (sSEMG) sensors to
monitor muscle activation. Pairs of bipolar electrodes were placed over 10 arm muscle groups in
the self-reported dominant upper extremity. Specific muscles were selected that were accessible
to surface monitoring and that were active in the simulated task: extensor carpi radialis (ECR),
extensor carpi ulnaris (ECU), flexor carpi ulnaris (FCU), flexor carpi radialis (FCR), biceps

brachii (BB), triceps brachii medial (TB), anterior deltoid (AD), medial deltoid (MD), posterior
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deltoid (PD), and upper trapezius (UT). Skin preparation and sensor placement followed

guidelines provided by SENIAM (Hermens et al., 2000).

Participants then practiced the simulated task for 20 minutes followed by a 10-minute rest
period, by repeating the 15-second replications (maze tracking + assembly/disassembly). Note
that this task duration was based on pilot results showing that after 10-minutes of training (i.e.,
40 replications) participants could reach target performance levels (i.e., complete both tasks in
pre-set times: maze-tracking for 5 seconds and assembly/disassembly for 10 seconds). An
extended duration of 20 minutes was included to ensure the participants could both reach the
target performance and experience the longest duration they would work in the three W/R
schedules. During the practice, participants were also familiarized with providing intermittent
ratings of perceived discomfort (RPDs), using the Borg (1998) CR-10 scale (see Sood et al.,

2007).

Formal data collection in the 15 W/R condition started after a brief introduction to the specific
schedule. Participants were instructed to complete the simulated tasks as accurately and as
rapidly as possible, but with task accuracy as the primary objective. No additional verbal
encouragement or instructions were provided during the simulated task. The first session ended

after the participant completed the first W/R condition.

In the second session, initiated at least four hours after the first session, participants completed
the 2" and the 3" W/R conditions. They were first instrumented with the noted sensors and the

workstation was configured as in the first session. A shorter practice time of 10 minutes (40
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replications) with a 10-minute rest was given to help recall the task. Participants then completed
the 2" and 3" W/R conditions (each condition for 160 work replications and 4-minute rest), each
proceeded by an introduction to the specific schedule and with at least 20 minutes for recovery
between conditions. To enhance the likelihood of recovery, additional rest was provided if Borg

CR-10 ratings were not 0 for each of the body parts noted below.

Throughout each W/R condition, video recordings were obtained, and raw sEMG data were
amplified and sampled (1,500 Hz) using a wireless system (DTS, Noraxon Inc., Scottsdale, AZ,
USA). After every five minutes of work (20 replications), participants provided RPDs of the
neck, shoulder, upper arm, forearm, and hand/wrist. These RPDs were also obtained after the
final rest period was completed. After completing all three W/R schedules, participants were
asked to rank order their preferences for these schedules and to comment on the strategy they
used to allocate rest periods during the Self-selected schedule. Note that participants were
allowed to stop performing the tasks if they experienced substantial discomfort, though all

schedules were completed by all participants.

2.3. Data Processing and Dependent Measures

Data from each muscle were initially segmented within the ~15-second work period in each
replication. Raw EMG data were bandpass filtered (bidirectional, 4" order, Butterworth, 20-500
Hz). Then, the median power frequency (MdPF) was calculated using a sliding window of 500
ms duration, which corresponded roughly to the mean movement duration during the
assembly/disassembly task. A window overlap of 20% was used, based on prior work (Mark

Burden et al., 2014). Median values of MdPF for each muscle were obtained within each
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replication as a dependent measure reflecting localized muscle fatigue; specifically, a lower
value indicates more fatigue (Al-Mulla et al., 2011; Merletti & Farina, 2016; Phinyomark et al.,
2012). To facilitate comparisons between schedules and participants, MdPF measures were
normalized to mean values obtained in the first four replications (~1 min) of a given W/R

schedule.

Task performance in each cycle was assessed in terms of accuracy and speed. Task accuracy
(termed “Errors™ hereafter) was determined based on errors that occurred in each of the two sub-
tasks. During maze tracking, errors were defined as the number of times the stylus touched any
“wall” along the path. During the assembly/disassembly task, errors were defined as: dropping a
part; picking a part from the wrong container or putting it away to the wrong container; using the
wrong order of assembly/disassembly; or placing the assembly in a hole other than the “target”
one. Task speed was measured in the maze tracking task as the total path length completed,
whereas the speed of assembly/disassembly was measured as the number of successful
movements completed (of a maximum of eight). Note that the “speed” here was likely to have a
truncated distribution. Specifically, different participants would exhibit the same speed if they
finished all required movements within the fixed time limit, regardless of any differences in the
time remaining. This approach, though, was used to be consistent with task characteristics in
reality, in which a maximum speed often exists (i.e., a task is finished within a time limit).
Performance measures for maze tracking were determined from a custom application, while
measures for the assembly/disassembly task were derived from viewing the video recordings.

Four dependent measures were evaluated for each task replication: maze tracking errors (0+);

16



maze tracking speed (0 — 4200 pixels); assembly/disassembly errors (0+); and

assembly/disassembly speed (0 - 8).

MdPF and task performance measures were obtained for each of the 160 replications in each of
the three W/R schedules. An overall comparison of MdPF and performance was completed based
on a compilation across the 160 replications. As in earlier work (e.g., Horton et al., 2012), we did
not examine temporal trends in these measures, since each schedule involved different timings of
work and rest, and different accumulated work and rest over time. To determine whether median
values or mean values should be used as a summary measure, the Shapiro-Wilk test was used to
test whether a normal distribution was appropriate for each MdPF and performance measure
across the 160 replications. The null hypothesis of a normal distribution could not be rejected for
most MdPF values (10 muscles) for each participant and W/R schedule. These measures also had
skewness values ~0. In contrast, the four performance measures were typically not normally
distributed. Therefore, median values across the 160 replications for each participant in each
work/rest schedule were analyzed as outcome measures when comparing the overall influence of

W/R schedule on MdPF and task performance.

2.4.  Data Analysis

Separate mixed-factor analyses of variance (ANOV As) were used to evaluate the overall effects
of Schedule and Gender on median values of MdPF and task performance measures. The order
of presentation of the three schedules was included as a blocking factor. We also analyzed these
measures in periods immediately prior to and after a rest break. The former included ~15 seconds

of data for MdPF and 1 replication for the performance measures. For the 160th replication, only
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data prior to a rest period were included in the analysis. These analyses were intended to
respectively assess the accumulated effects of fatigue and the recovery achieved after rest.
Together with the overall effects of fatigue, these analyses also provided information to assess
whether fatigue had been induced in all three schedules. Separate analyses of covariance
(ANCOV As) were used to assess the effect of Schedule and Gender, with order again included
as a blocking factor and with Time as the covariate (quantified as the number of completed

replications prior to the start of a given rest period).

RPDs were obtained at fixed intervals in each schedule. As noted above, these were used
primarily to assess whether participants could continue the task (e.g., not excessively fatigue).
We did not analyze RPDs during each schedule, for the same reasons provided earlier (e.g.,
different accumulated work and rest). Instead, only the final RPD rates were analyzed (after
completing 40 minutes of total work and four minutes of total rest), using the same ANOVA

model noted earlier.

Rankings of the three work/rest schedules were assessed using the non-parametric Wilcox Rank
Sum test, and the Ridit (relative to an identified distribution unit) analysis was used to compare
between levels. Comments on the strategies used by participants to allocate work and rest during

the Self-selected schedule were analyzed qualitatively.

All statistical tests were executed using R Studio (version 1.3.1073, R studio Inc., MA, U.S.A.)
in the R software package (version 4.0.2) (R Core Team, 2020). The /me function (linear mixed

effect) in the n/me package, with the REML method, was used to fit ANOVA/ANCOVA models,
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and no substantial deviations from model assumptions were evident. In particular, residual plots
were examined to ensure no substantial violations of ANOVA/ANCOVA model assumptions.
Statistical significance was concluded when p<0.05, though given the exploratory nature of the
study, several effects that approached significance are also highlighted. Post hoc simple-effects

tests and paired comparisons (Tukey’s HSD) were conducted where relevant.

To explore the strategies that participants used to allocate rest periods during the Self-selected
schedule, we completed an informal analysis of the brief comments (2-3 sentences) provided by
each participant about their work/rest strategies (i.e., focusing on words/comments related to
‘fatigue/discomfort’, ‘performance’, and ‘pace’). Comparisons of the overall, prior-to-break, and
after-break outcome measures provided information to help understand the participants’

strategies in the Self-selected schedule.
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3. Results

3.1.  Overall Effects of Schedule and Gender

Descriptive statistics and ANOVA results for normalized MdPF are provided in Table Al in the
Appendix. These results indicate that, overall, all three schedules induced localized muscle
fatigue (i.e., normalized MdPF values <I). For most muscles, values were higher in the Long-
break and Self-selected conditions, suggesting less fatigue, though differences were quite small
and there were no significant main or interactive effects of Schedule or Gender for any of the
muscles. Performance measures are summarized in Table A2. There were again no significant
main or interactive effects of Schedule or Gender, and differences between conditions were

small.

3.2.  Effects of Schedule and Gender prior to a rest break

Results for normalized MdPF prior to a rest break are provided in Table A3. MdPF values prior
to a rest break were <1, which overall indicates accumulated fatigue in all three schedules. For
most muscles, especially those in forearm and upper arm, values were higher in the Long-break
and Self-selected conditions, suggesting less fatigue prior to a break, though differences were
quite small and there were no significant main effects of either Schedule or Gender for any of the
muscles. There were, however, several Schedule x Gender interactions effects that were either
significant or approached significance (Figure 4). Females generally had higher values of
normalized MdPF, suggesting less fatigue. Though gender differences were not significant,
higher values among females were observed for the AD (p=0.254, difference=2.9%), MD
(p=0.270, difference=3.3%), PD (p=0.051, difference=4.3%), and UT (p=0.195,

difference=3.9%) in the Long-break condition. Higher values, again non-significant, were also
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observed among females for the AD (p=0.236, difference=2.4%) and MD (p=0.108,
difference=4.0%) in the Short-break condition, and in the UT in the Self-selected condition
(p=0.081, difference=5.1%). Higher values for males were only evident in the Self-selected

condition for the AD, though this was also non-significant (p=0.061, difference=-4.6%).
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Figure 4. Interactive effects of Schedule and Gender on normalized MdPF of the AD, MD, PD,

and UT muscles prior to a rest break.

Performance measures are summarized in Table A4. The Short-break condition led to both more
errors and faster speed in the assembly task, while the opposite occurred for the Long-break

condition. In the maze tracking task, the Self-selected condition had the fewest errors and fastest
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speed. No main or interactive effects of Schedule were significant, however. There was a

significant difference between genders in assembly errors, which were higher among males.

3.3.  Effects of Schedule and Gender after a rest break

Results for normalized MdPF after a rest are provided in Table A5. Comparing Tables A3 and
A5, MdPF values prior to a rest break were usually lower than those after a rest break, which
respectively indicate accumulated fatigue and recovery before and after a rest break. Significant
differences were found between Genders for ECR and ECU. For both muscles, values were
higher among females. For most muscles, values were higher in the Long-break and Self-
selected conditions, suggesting less fatigue after a break, though differences were quite small and
there were no significant effects of Schedule for most muscles. As an exception, the main effect
of Schedule was significant on ECR. There were several Schedule x Gender interaction effects
that were significant or approached significance (Figure 5). Females generally had slightly
higher values of MdPF, suggesting less fatigue, which was significant for the ECR (p=0.035,
difference=3.1%), though non-significant for the FCR (p=0.073, difference=5.3%), AD
(p=0.054, difference=4.0%), and MD (p=0.211, difference=3.9%) in the Short-break condition.
Significantly higher values were also observed for the AD (p=0.048, difference=5.7%) and PD
(p=0.039, difference=6.8%) in the Long-break condition, and there were similar though non-
significant differences in the MD as well (p=0.094, difference=7.5%). In the Self-selected
condition, females had higher values of MdPF for the ECR that approached significance
(p=0.065, difference=3.2%) while males had slightly higher (though non-significant) values for

the FCR (p=0.254, difference=-4.0%).
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Figure 5. Interactive effects of Schedule and Gender on normalized MdPF of the ECR, FCR,

AD, MD, and PD muscles after a rest break.

Performance measures right after a rest break are summarized in Table A6. A significant effect
of Schedule was found on maze speed. Participants were 7.2% faster in the Short-break than in

the Long-break condition, and were 8.5% faster in the Self-selected than in the Long-break

23



condition. There were also fewer errors in both the assembly and maze tracking tasks during the
Short-break condition, and assembly speed was higher in the Long-break condition, though

neither of these differences were significant.

3.4.  RPDs and W/R Schedule Rankings

Final RPD ratings are summarized in Table A7. While there were no significant effects of
Schedule or Gender, a consistent pattern of responses was evident across all five body parts.
Specifically, RPDs were highest in the Short-break condition and lowest in the Long-break
condition. Rankings of the three schedules are summarized in Table 2. There was a significant
difference in rankings among schedules (3*=8.015, df=2, p=0.018). Specifically, the Short-break
condition was slightly preferred over the Long-break condition (p=0.052) and the Self-selected
condition was preferred over the Long-break condition (p=0.026). The difference in preference

between the Short-break and the Self-selected conditions was not significant.

Table 2. Results for rankings of the three schedules (1% = most preferred). The number

(percentage) of rankings are presented.

Number of rankings as:

Schedule It ond 3 Mean Ridit

Short-break 8 5 5 0.444
(44.4%) (27.8%) (27.8%) '

Long-break 3 4 11 0.648
(16.7%) (22.2%) (61.1%) '

Self-selected 7 9 2 0.407
(38.9%) (50.0%) (11.1%) '
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4. Discussion

This exploratory study examined the effects of different W/R schedules on muscle fatigue, task
performance, and preference in repetitive precision tasks. Contrary to our expectation,
participants appeared to have more muscular fatigue in the Short-break condition compared with
both the Long-break and the Self-selected conditions. Our other expectations were supported, in
that participants most preferred the Self-selected condition and the different schedules did not
influence task performance. Furthermore, females appeared to develop less localized fatigue in

certain muscles in some W/R schedules.

4.1.  Effects of W/R schedule on physical and subjective fatigue

Although W/R schedule did not significantly influence muscle fatigue overall, participants
seemed to experience less fatigued in the forearm and upper arm muscles in the Long-break and
Self-selected conditions (see Tables A1, A3, and AS5). This outcome contradicts some previous
studies, in which participants exhibited less fatigue (or better recovery) with more frequent task
rotation or a short W/R cycle (Horton et al., 2012; Lin et al., 2012; Rashedi & Nussbaum, 2016;
Wawrow et al., 2011). RPDs here also demonstrated a similar tendency, in that participants
reported the least fatigue in some body regions in a Long-break condition, and moderate fatigue

in a Self-selected condition.

The discrepancy in findings between our study and earlier ones may have resulted from
differences in the tasks involved, given that task type can mediate the influence of W/R
schedules on fatigue and performance (Balci & Aghazadeh, 2003; Balogh et al., 2016; Dickerson

et al., 2015; Januario et al., 2016). Compared to earlier work, our study involved more precise
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movements and required coordination of several muscle groups. In contrast, Horton et al. (2012)
and Rashedi & Nussbaum (2016) examined repetitive isometric abductions of relatively isolated
body parts. Further, EMG from only a single muscle was used as a fatigue indicator in these two
studies, whereas multiple muscles involved in the current tasks were monitored. In other work,
relatively simple movements or tasks were also involved (Lin et al., 2012; Wawrow et al., 2011).
It is also worth noting that the overall W/R ratio here was 10:1 in each the three of the schedules,
which allowed somewhat less rest compared with previous studies. For example, the W/R ratio
was set as 10:3 in Lin et al. (2012), and in Rashedi & Nussbaum (2016) the duty cycle was 50%
(i.e., a W/R ratio of 1:1). With the increased proportion of work and the reduced rest time in our
study, in the Short-break condition the rest may have limited recovery, thereby leading to the

discrepant influence of the W/R schedules on fatigue.

4.2.  Preference among W/R schedules

A notable finding is that in the Long-break condition participants exhibited less fatigue based on
EMG, but this schedule was (significantly) the least preferred one. Instead, the Self-selected
condition had the highest preference and the Short-break condition was supported moderately
(Table 2). Micro-breaks can provide an immediate feeling of relief (Bystrom, et al., 1991) and
increased mental focus (Park et al., 2017), which might have contributed to the higher

preference of the participants for the Short-break condition.

Previous work has indicated that a self-selected W/R schedule can contribute to higher job
satisfaction and a sense of job control (Luger et al., 2016; Stdlhammar et al., 1992); such

outcomes could explain the clear preference here for the Self-selected condition. To assess this
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issue in more detail, we compiled comments from the participants on their W/R strategies. Three

types of strategies emerged, as summarized below (the number of participants choosing each

strategy is listed in parentheses, and some participants indicated multiple strategies):

1)

2)

3)

Consider the effects of fatigue/discomfort (10): Participants considered their level of
physical fatigue, mental fatigue, and eye strain to determine when to rest. The rest
duration used was associated with their feelings of recovery, and they only went back to
work when they felt sufficiently recovered.

Fixed W/R pace (9): Participants created a fixed W/R pattern in advance, before
conducting the task, and then followed the pattern (e.g., rest after every 40-50
replications). Some participants in this category did not rest very much in the initial 10-
min period, then created a more frequent rest pattern in the second half to overcome
accumulated fatigue.

Consider performance (7): Note that participants were instructed to finish the tasks as
accurately and as fast as possible, and that accuracy should be the primary concern.
Participants could easily detect their errors during the assembly/disassembly task, which
may explain why they noted that infrequent rest breaks with longer work periods could
increase accuracy in this task. They indicated that overall assembly/disassembly errors,
and errors prior to a rest break, were likely fewer in the Long-break condition, which
corresponded with the actual outcomes (as indicated in Tables A2 and A4). Comparing
Tables A2 and A6, it was evident that task accuracy dropped immediately after a rest

break. Therefore, it appears that participants chose to work for a long period without
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breaks to maintain a high level of performance, and then rest for a long period. They also

reported believing that a longer rest period would lead to a stronger feeling of recovery.

As one example, a male participant noted that frequent breaks helped him with hand muscle
recovery and eye strain relief, and he thus chose a strategy involving frequent and short breaks
that was a mix of the first two strategies listed above. As an example of the third strategy, both a
female participant and a different male participant commented that their performance decreased
substantially after frequent rest, so they opted to work for a prolonged period to accumulate
experience and to become familiar with the required movements. Note that among the nine
participants who had fixed W/R paces, two used three types of strategies simultaneously (i.e.,
considering jointly the effects of fatigue/discomfort, fixed pace, and task performance); five
considered only the effects of fatigue; and two considered task performance. One participant did

not recall using a specific strategy for the Self-selected condition.

To gain additional insight, the number and duration of rest breaks taking during the Self-selected
condition were examined. In this condition, participants rested a mean of 3.9 times (SD = 3.1,
median = 3.5 times), with a mean duration of 96.0 sec. (SD = 7.8, median = 70.0). With a fixed
total rest break of 4 minutes, this mean rest duration is much longer than the Short-break
condition (i.e., 30 sec. for each break) and slightly shorter than in the Long-break condition (i.e.,
120 sec.). The 96.0 sec. of rest that was self-selected was closer to the rest duration in the Long-
break condition, and thus may have provide sufficient (or at least better) recovery from muscle

fatigue recovery compared to the Short-break condition. The “actual” physical recovery together
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with the “feeling” of job control may have contributed to the higher preference for the Self-

selected condition.

4.3.  Effects of W/R Schedule on task performance

As noted above, there were no statistically-significant differences in task performance among the
three W/R schedules. This lack of an effect agrees with previous work showing that introducing
breaks, regardless of length and duration, did not significantly influence precision task
performance (Hallbeck et al., 2017; Komorowski et al., 2015; Lin et al., 2012; McLean et al.,
2001). We found some evidence of differences between schedules in specific performance
measures, but these effects were not consistent (see Table 3, a summary of the influences of
schedules on performance measure in the three W/R schedules). In the Long-break condition,
participants were better at maintaining accuracy in the assembly/disassembly task, both overall
and when measured prior to a rest break. This evidence is in accordance with findings of
Henning et al. (1989), that after longer breaks a data entry correction rate was lower than after
short breaks (i.e., better accuracy). However, in the Self-selected and Short-break conditions
here, accuracy was higher, and speed was faster in the maze tracking task, but the accuracy of
assembly/disassembly was somewhat compromised. These outcomes may suggested a balance

between forgetting and familiarization with the task (Globerson et al., 1989).
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Table 3. Summary of performance measures in the three W/R schedules. Note that the three

conditions are ordered “better” to “worse” performance for each outcome measure.

Measure Overall Prior to a rest After a rest

Assembly Error  Long < Short = Self = Long < Self < Short Short < Long < Self
Assembly Speed Self = Short > Long  Short > Self > Long Long > Short > Self
Maze Error Short < Self <Long  Self < Long < Short Short < Self < Long
Maze Speed Self > Short > Long  Self > Short > Long Self > Short > Long

4.4.  Gender differences in fatigue and task performance

Female participants here experienced less fatigue in specific upper-extremity muscles, based on
normalized MPDF results (the pattern of results was consistent across several muscles, though
several gender differences only approached significance). Females also performed better in the
assembly task, with better accuracy. These were consistent with results of Horton et al. (2012).
The current tasks involved minimal dynamic components, and as such the noted gender
difference in fatigue is consistent with earlier work of a relative fatigue resistance among females
during isometric contractions (e.g., Hunter & Enoka, 2001). There are also gender differences in
motor control. For example, in a repetitive upper-extremity task Srinivasan et al. (2016) found
that female participants tended to employ an elbow-based strategy, whereas males used their
shoulders more. Though not quantified, similar differences may have occurred here and
contributed to the lesser fatigue (e.g., in ECR and FCR) and higher performance among females.
Although females have been reported to have less variation in force generation (Gaudez et al.,
2016), there has not been a consistent conclusion on the relationship between muscle activity
variation and muscle fatigue (Luger et al., 2014; Rodriguez & Barrero, 2017). While the above
arguments help to explain some of the current differences found between genders, it remains
unclear why these gender differences were inconsistent across the three W/R scheduled.

Specifically: 1) why there were interactive effects of Schedule x Gender on muscle fatigue; and,
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2) why males had marginally higher MdPF in the AD after a rest break in the Self-selected

condition.

4.5.  Limitations, implications, and future work

Among all of outcome measures obtained here, only RPD and schedule preference showed
consistent or statistically significant results. Psychological measures overall appear to be more
sensitive to differences in work patterns, as indicated in previous studies (Luger et al., 2015;
Padula et al., 2017; Ringheim et al., 2014). Furthermore, the levels of muscle activation here
were relatively low, and we may have not induced sufficient levels of fatigue to yield clear
results. In such situations, EMG-based measures in particular can yield relatively insensitive
metrics of muscle fatigue (Nagata et al., 1990; Nargol et al., 1999; Oberg et al., 1994; Sood et al.,
2007). Thus, a more comprehensive set of fatigue and performance measures should be
developed to better quantify the influences of work patterns on fatigue and task performance
(Padula et al., 2017; Yung et al., 2014), and future studies may consider to induce higher levels
of fatigue and/or use a longer total work duration. For the three strategies that emerged in the
Self-selected condition, we only focused on words/comments related to “fatigue/discomfort”,
“performance”, and “pace”. A more formal qualitative data analysis may provide a more reliable

explanation for the classified types.

An important limitation of our study was that participants were all novices and not familiar or
experienced with actual repetitive, precision occupational tasks. Whether the current results
would be found among workers in situ is unknown. In addition, we only monitored muscle

fatigue, performance, and preferences in response to a relatively short work duration (i.e., 40
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min.). Longer-term testing is clearly needed to better understand the effects of W/R schedules. It
should also be noted that in practice — especially on an assembly line where strict antecedent-
consequent task order and strict line-balancing are required — some restrictions to a self-selected

schedule may be needed to ensure line-balancing.

The results of this exploratory study suggest that during repetitive precision tasks workers may
experience less muscle fatigue with long work periods together with long, infrequent rest
periods, without sacrificing task performance. However, feelings of job satisfaction and control,
which can be enhanced with a Self-selected schedule, should not be ignored. Overall, the Self-
selected condition here appeared to provide several benefits, in terms of task performance,
fatigue recovery, and preference. As such, the use of short breaks may be less welcomed or
effective in practice. However, earlier work suggests that muscle responses in low-exertion tasks
can be task-specific (Clark et al., 2003; Hunter, 2015; Srinivasan et al., 2016); as such, the
current results, using only a simulated task in a controlled setting, need to be interpreted with

some caution.
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Figure Captions and Alt Text

Figure 1 Caption: Illustrations of the two experimental sub-tasks; completing both sub-tasks
comprised one ‘work replication’. Top: maze tracking with display of remaining number of work
replications and rest duration. Bottom: assembly/disassembly. For the latter, the eight distinct
and sequential movements are indicated.

Figure 1 Alt Text: A maze used for the tracking task, with information on the status of the work
status, and a sequence of eight movements required for a cycle of the assembly and disassembly
task.

Figure 2 Caption: Configuration of the experiment. Left: participant doing maze tracking,
showing surface EMG sensors on the dominant arm. Right: participant doing the
assembly/disassembly task.

Figure 2 Alt Text: An experimental participant doing the maze tracking tasks and the assembly
and disassembly tasks, with EMG sensors on the dominant arm.

Figure 3 Caption: Illustration of the three work/rest schedules included in the study. A: Long,
infrequent rest breaks; B: Short, frequent rest breaks; and C: Self-selected rest break frequency
and duration. Note that the latter varied between participants, and the illustration is provided only
as an example.

Figure 3 Alt Text: Three work-rest schedules, differing in the length and frequency of rest
breaks, along with a self-selected schedule.

Figure 4 Caption: Interactive effects of Schedule and Gender on normalized MdPF of the AD,
MD, PD, and U muscles prior to a rest break.

Figure 4 Alt Text: Four bar graphs plotting the effects of schedule and gender on normalized
median power frequency values of the AD, MD, PD, and U muscles prior to a rest break.

Figure 5 Caption: Interactive effects of Schedule and Gender on normalized MdPF of the ECR,
FCR, AD, MD, and PD muscles after a rest break.

Figure 5 Alt Text: Four bar graphs plotting the effects of schedule and gender on normalized
median power frequency values of the AD, MD, PD, and U muscles after a rest break.
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