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ABSTRACT

The goal of this study was to evaluate the relationship between ratings of perceived exer-
tion (RPE) and relative strength with respect to baseline for a fatiguing free dynamic task
targeting the upper extremity, namely simulated order picking, and determine whether the
relationship remains the same for different conditions (i.e, pace and weight) and with
fatigue. Fourteen participants (seven males, seven females) performed four sessions that
included two 45-min work periods separated by 15min of rest. The work periods involved
picking weighted bottles from shoulder height and packaging them at waist height for four
combinations of bottle mass and picking rate: 2.5kg-15 bottles per minute (bpm), 2.5 kg-10
bpm, 2.5kg-5 bpm, and 1.5kg-15 bpm. Participants reported their RPEs every 5min and
performed a maximum isometric shoulder flexion exertion every 9 min. Pearson product-
moment correlation was used to evaluate the linear relationship between RPE and relative
strength for each subject and work period. Then, the effects of condition and work period
on the average relationship were assessed using a repeated-measures analysis of variance
(ANOVA). For the first 45-min period, there were no significantly different correlations
between RPE and relative strength across conditions (average r=—0.62 (standard deviation
= 0.38); p=0.57). There was a significant decrease in average correlation for the second
work period (r=-—0.39 (0.53)). These results suggest that individual subjective responses
consistently increase while relative strength declines when starting from a non-fatigued
state. However, correlations are weaker when re-engaging in work following incomplete
recovery. Thus, starting fatigue levels should be accounted for when considering the
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expected relationship between RPE and relative strength.

Introduction

Physically demanding work, such as repetitive tasks of
prolonged duration, can result in localized muscle
fatigue when not accompanied by adequate recovery
(Kumar 2001). Localized muscle fatigue results in
decreased muscle capacity, declining work perform-
ance, and increased occupational injury risk (Kumar
2001). For example, those with shoulder disorders
were three times more likely to have had jobs involv-
ing repetitive shoulder movements (Frost et al. 2002).
Thus, considering fatigue development based on fac-
tors such as work pace and timing of rest breaks is
vital for reducing the subsequent risk of injuries. The

change in relative strength (the ratio of absolute
strength at a specific time to the baseline strength)
over time is a widely accepted objective measure/indica-
tor of localized muscle fatigue (Gandevia 2001; Féasson
et al. 2006; Mehta and Agnew 2012; Cavuoto and
Megahed 2016; Gang et al. 2021). However, relative
strength measurement can be impractical in occupa-
tional settings since it requires expensive instrumenta-
tion and cannot be assessed while workers perform
tasks.

Instead, physical fatigue assessments in the workplace
often rely on ratings of perceived exertion (RPE) (e.g.,
Borg 6-20 or Borg CR-10 scales). The use of RPE scales
for occupational physical fatigue measurement can be
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justified by Borg (1982): (a) their ease of use, (b) their
ability to “integrat[e] various information, including the
many signals elicited from the peripheral working
muscles and joints, from the central cardiovascular and
respiratory functions, and from the central nervous sys-
tem” (377), and (c) their high correlations with heart
rate and other physiological variables. More recently,
RPEs have been used, as response variables, to assess
whether wearable sensors (e.g., IMUs) can be used to
model/monitor/predict physical fatigue at the workplace
(Sedighi Maman et al. 2017; Baghdadi et al. 2018;
Maman et al. 2020; Hajifar et al. 2021; Lamooki et al.
2022).

Despite the widespread use of RPE and the accept-
ance of relative strength as a primary indicator of
localized physical/muscle fatigue (Vellestad 1997;
Gandevia 2001), only a few studies examined the rela-
tionship between RPE and relative strength. A linear
relationship between RPE and endurance time has
been shown for static tasks (Grinten and Smitt 1992;
Douwes et al. 1999; Frey Law et al. 2010). In a
dynamic and concentric isokinetic test for elbow flex-
ion, Frey Law et al. (2010, 13-14) showed that the lin-
earity of the relationship between RPE and endurance
time is “questionable” and “the use of self-reported
task perceptions appears to be substantially weaker for
predicting dynamic task fatigue than static task
fatigue.” For two dynamic localized tasks requiring
isometric flexion at the distal interphalangeal (DIP)
joint of the thumb, Whittaker et al. (2019) showed
that a linear regression model could be used to
explain 82% of the variance in mean maximal volun-
tary contraction strength (MVC) with the use of the
Borg CR-10 scale, task plateau (a 12-sec submaximal
exertion followed by a 2sec MVC and 2sec of rest),
and their interactions as predictors.

Based on these few published studies, the focus was
on relatively short tasks (with Whittaker et al. (2019)
being the longest, around 20 min), posture controlled
(with Velcro or other experimental restraints), and
utilizing smaller joints/muscle groups (elbow and
thumb). It is unclear whether RPEs can be used to
estimate relative strength in dynamic, free-form, long-
duration tasks that are widely present in the work-
place. Our current understanding of the suitability of
RPEs as a proxy measure for more widely accepted
measures of fatigue, such as relative strength, is lim-
ited, which has implications for determining suitable
methods that can be used reliably to monitor fatigue
in field environments.

The overarching goal of this short report is to
examine the relationship between RPE (Borg CR-10
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Table 1. Participant demographics.

Females Males Overall
Age (years) 26.9 (3.9) 26.7 (5.5) 26.8 (4.6)
Height (cm) 160.7 (9.5) 178.9 (7.3) 169.8 (12.5)
Body mass (kg) 63.5 (11.3) 86.2 (18.8) 74.8 (19.0)
Waist circumference (cm) 80.5 (12.5) 92.9 (16.1) 86.7 (15.3)
Hip circumference (cm) 103 (9.7) 103 (16.0) 103 (12.7)
BMI (kg/mz) 24.7 (4.5) 27.1 (7.3) 25.9 (6.0)

Numbers in parentheses indicate standard deviations.

scale) and relative strength in a free-form dynamic
task. The task we selected is a simulated order-picking
scenario since it: (a) is prevalent in many warehousing
and advanced manufacturing applications and (b)
fatigues a larger muscle group (shoulder). To examine
the overarching relationship, the following research
questions were investigated:

1. Is there an association between RPE and relative
strength for our more complex and realistic occu-
pational task?

2. Does the relationship between RPE and relative
strength remain the same for different conditions
(i.e., changing the pace and weight)?

3. How does the relationship between RPE and rela-
tive strength change with repeated work and
recovery periods (e.g., after a 15-min rest break)?

Methods
Participants

Seventeen participants were recruited from the univer-
sity and local communities. Two participants did not
complete all study sessions due to scheduling issues,
and one participant’s data were excluded because of
inconsistencies with the measurements across sessions
(e.g., a doubling of strength during the work period,
and >100% difference in starting strength). Therefore,
14 participants (seven males and seven females) were
included in the final dataset. The demographics of
those participants that completed the study are shown
in Table 1. The study was approved by the University
at Buffalo Institutional Review Board, and all partici-
pants provided written informed consent at the begin-
ning of their first session.

Procedures

Each participant completed four sessions on separate
days. The sessions were separated by at least four days
to allow for fatigue recovery between sessions. Each
session consisted of three consecutive 1-hr blocks of
45min of work and 15min of rest. For this short
report, the analysis is limited to the first two work
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Sequence of tasks within the experiment

\' <

Pictures from the lab experiment, tasks from left to right: 1) Reach for a bottle, 2) Place bottle in the box, 3)
Place filled box on the conveyor, 4) Standing still until the next box arrives, 5) Performing the strength test
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Figure 1. Example participant posture for the picking and placing motions. Filled blue circles represent the strength test, and non-

filled circles represent the RPE rating reporting.

periods to focus on a single work-rest-work cycle.
Due to exhaustion, some participants only completed
part of the first and second work periods. Thus, there
were varying durations of work and rest periods
before the third block. During the work period, partic-
ipants performed simulated order picking, where they
picked weighted bottles using their right hand from
approximately shoulder height and placed them into a
carton at waist height (Figure 1). In each session, the
bottle mass and picking rate were varied in four com-
binations - 2.5kg x 15 bottles per minute (bpm),
2.5kg x 10 bpm, 2.5kg x 5 bpm, and 1.5kg x 15
bpm—with each bottle mass and picking rate combin-
ation representing a condition. Each participant com-
pleted one condition per day, and the order of the
conditions was varied, with all conditions occurring at
least twice in each session number. The bottle masses
and picking rates were chosen based on typical values
observed at standing packaging workstations in distri-
bution centers (Otto et al. 2017; Boysen et al. 2019).
A metronome was used to guide the pacing. After five
bottles were placed in a box, the participant placed
the box onto a conveyor at knee height before con-
tinuing to fill the following box. Participants reported
their RPE for the shoulder using a Borg CR-10 scale
every 5min during work and rest periods. If the par-
ticipant reached a rating of 10 for the shoulder or
expressed exertion at a level of 10 for any other body

parts, the work period ended, and the rest period
started.

At the start and end of each 45-min work period,
and every 9min within, participants performed a
maximum voluntary isometric contraction (MVIC) for
shoulder flexion. For the MVIC, participants stood in
front of the force gauge (Mark-10 digital force gauge,
Mark-10 Corporation, Copiague, NY) with their right
shoulder flexed 90 degrees and their elbow fully
extended. Participants exerted maximum force in the
flexion direction by pulling upward on a handle
attached to the force gauge for 6sec. Verbal cues from
the experimenter indicated the start and end of the
exertion. This exertion was selected to measure shoul-
der fatigue development for the primary motion of
the simulated order picking (Boettcher et al. 2008).
The separation between exertions was chosen to bal-
ance the collection of relative strength data with the
impact of the MVIC testing on fatigue development
(in terms of both task disruption and added muscle
exertion).

Statistical analyses

Relative strength was defined as the ratio of each
strength test to the participant’s baseline for each 45-
min period. To align the RPE and relative strength data,
linear interpolation was used to estimate RPE values at
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Table 2. Mean (standard deviation) strength and RPE by work period and condition along with the results of the repeated meas-

ures ANOVA (* indicates statistical significance).

Statistical
» 2.5kg-15 bpm 2.5kg-10 bpm 2.5kg-5 bpm 1.5kg—-15 bpm comparison (p-value)

Condition

Work period 1st 2nd 1st 2nd 1st ond 1 2nd Condition Work period

Starting strength (N) 64.1(28.1) 60.2 (31.6) 674 (26.8) 602 (30.2) 66.2 (29.2) 588 (24.1) 67.3 (30.3) 61.0(268) 075 <0.01*

Ending strength (% start) 83.2 (18.1) 80.7 (15.1) 85.1 (10.2) 903 (17.7) 845 (13.6) 91.6 21.5) 784 (19.0) 90.5 (19.4) 037 0.055

Starting RPE 0.14 (0.53) 1.5 (0.85) 0.07 (027) 15 (1.51) 007 (027) 1.64(1.55) 0.14 (0.36) 143 (15) 099 <0.01*

Final RPE 7.1 (29) 8.1 (2.4) 5.8 (3.2) 6.6 (3.2) 4.8 (3.5) 53 (3.7) 5.6 (3.4) 6.4 (3.5) <0.01%* 0.01*
140% results/analysis). The significance level was set

) * « ° at o =0.05.
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Figure 2. Data on the relationship between RPE and relative
strength across all participants for the 1.5 kg-15 bpm condition.

each strength test point. Fractional values for the esti-
mated RPEs were permitted between the Borg CR-10
minimum and a maximum of 0 and 10, respectively.
Pearson product-moment correlation was used to
evaluate the linear relationship between RPE and rela-
tive strength for each subject and work period (ry).
Since the correlation coefficient is bounded by [—1,1]
and cannot be modeled using parametric statistical
methods, a Fisher’s z-transformation was used to nor-
malize the correlation coefficients using Equation (1),

W =—, M
where:
r = Pearson product-moment correlation coefficient
i = is the subject number
j = is the work period (1 or 2)

The transformed values were then used
repeated measures analysis of variance (ANOVA) to
investigate the effects of the within-subject factors of
condition (combining bottle mass and picking rate;

in a

four levels), work period (two levels), and the inter-
action between them on the average relationship of
RPE and relative strength across subjects. The statis-
tical analyses were performed using IBM SPSS
Version 28 (IBM Corporation, Armonk, NY) and
reproduced using the open-source R programming
language (see our supplementary materials for the
knitted markdown containing our code, data, and

first work period and from 58.8 to 61N for the
second work period. Thus, participants returned to
~90% of their baseline strength following the rest
period, and differences were statistically significant
between periods (p < 0.01). After one 45-min period,
participants had similar relative strength levels regard-
less of condition (p =0.35). Across conditions, partici-
pants started the first 45-min period with similar RPE
values (< 0.15, p=0.99), then, following rest, the
starting RPE ranged from 1.43 to 1.64 (p <0.01 for
the main effect of the work period). Condition and
work period were significant main effects for the final
RPE values.

The relative strength versus RPE values across all
participants for the 1.5 kg-15 bpm condition is shown
in Figure 2. Figure 3 shows box plots of the correl-
ation coefficients by individual, condition, and work
period. Most individual correlations were significant
for the first work period (30 out of 56 correlations),
particularly for the 1.5kg-15 bpm condition (10 out
of 14 participants). The average correlation between
RPE and relative strength across conditions for the
first work period was —0.62 (standard deviation =
0.38; p=0.57). There was a significant main effect of
the work period, with the average correlation = —0.39
(0.53) for the second work period (p=0.043). The
interaction between the condition and work period
was not statistically significant (p =0.11).

Discussion

This study is the first reported in the literature to ana-
lyze the relationship between RPE (Borg CR-10 scale)
and relative strength in a free-form dynamic shoulder
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A boxplot of our four experimental conditions by session number
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Figure 3. Box plots, with underlying data points, of the correlation coefficients by condition and work period.

fatigue task, focusing on simulated order picking
involving a work-rest-work cycle. From the first 45-
min work period, the average linear correlation
between RPE and relative strength across all condi-
tions was —0.62, which is consistent with the reported
absolute value of the correlation of 0.57 reported in
Whittaker et al. (2019) for the front-loaded condition
for the distal interphalangeal (DIP) thumb joint
(where all tasks were performed before an extended
rest period). When considering individual correlations,
26 of the 56 cases equaled or exceeded —0.8 for the
first period. This addresses the first research question,
indicating a moderate negative association between
RPE and relative strength (Asuero et al. 2006). The
negative direction is expected since, as a participant
gets fatigued, one expects the RPE value to increase
and strength to decrease.

The ANOVA results indicate no statistically signifi-
cant differences in the correlations between RPE and
relative strength across conditions. The lack of statis-
tical differences in the correlations extends previous
findings that focused on controlled isometric or iso-
kinetic tasks (Frey Law et al. 2010; Whittaker et al.

2019). Thus, based on this experimental setup, the
answer to the second research question is that the
relationship between RPE and relative strength
remained the same for the specific conditions consid-
ered. However, from a practical perspective, it is
important to note that the strength of the linear rela-
tionship was only moderate. Thus, there may not be
sufficient evidence to support using RPE instead of
MVIC measurement for such dynamic order picking.
While linear relationships between perceived exer-
tion/fatigue and fatigue accumulation have been
reported in the literature for varying sustained and
intermittent static tasks (Iridiastadi and Nussbaum
2006; Frey Law et al. 2010; Whittaker et al. 2019), the
relationship may vary depending on the nature of the
task, supporting the need to investigate a broader
range of static and dynamic tasks.

As for the impact of the rest break on the correl-
ation between RPE and relative strength across condi-
tions, there was a significant main effect of the work
period (—0.62 vs. —0.39). The weakest average corre-
lations were observed for the 2.5kg-5 bpm and
1.5kg-15 bpm conditions. This is an unexpected



result. Micklewright et al. (2017) showed that trad-
itional physiological indicators of muscle fatigue were
elevated; however, their study showed that participant
RPE dropped to zero when resting. Here, the results
showed that the initial RPE at the start of the second
work period of ~1.5 is higher than the RPE of ~0.1
at the start of the first period (see Table 2). Hence,
participant RPE did not reset to baseline for the
second period, which is different from the reported
results in Micklewright et al’s (2017) findings and
consistent with the ratings of perceived fatigue results
in Whittaker et al’s (2019) findings. Similarly, as
shown in Table 2, participant MVIC strength did not
reset following the rest period. With this information,
there are three possible contributors to the change in
correlation between RPE and relative strength in the
second work period. First, neither the RPE scale nor
relative strength measurements explicitly account for
motivation. Thus, the impact of the nonphysical
experimental fatigue (e.g., boredom, discomfort) may
differ between indicators. For example, participants
may provide RPE values that only partially reflect
their true RPE as the experiment continues. Second,
the Borg CR-10 scale is designed to be linear; how-
ever, relative strength with fatigue may be nonlinear
(e.g., it may be better represented using an exponen-
tial decay function). Third, to prevent participant inju-
ries, the experiment was stopped whenever a
participant reported an RPE value of 10. Suppose RPE
is a leading indicator of relative strength, then we
may have yet to fully capture the impact of the per-
ceived exhaustion level on relative strength (i.e., the
perceived exhaustion level may have manifested over
multiple MVIC measurements rather than just the
subsequent MVIC measurement).

Limitations and future work

First, the participant pool utilized in this study has
resulted in a convenience sample of mostly younger
adults (average age of 26.8) who may differ from the
general U.S. working population. It is unclear whether
the reported results would be similar across different
age groups (e.g., older participants), particularly for
those with experience in similar tasks. Second, the
study was limited to four conditions, which can affect
the generalizability of the findings. Future studies
should consider the relationship between RPE and
relative strength for different duty cycles and a range
of load levels. Third, there is a possible training effect
with the choice of a convenience sample. Using a
varying order for the conditions per participant
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presents a well-recognized statistical approach to
counter any immediate training effects. However, lon-
ger-term strength and endurance gains from repeated
order picking on the job may impact the rate of
fatigue as measured by both RPE and relative
strength. This is something that is not possible to
account for in this study. Fourth, the number of MVIC
and RPE measurements was designed to be different in
the study as the research team tried to minimize the
impact of MVIC strength testing on accelerating fatigue
development. A linear fit was used to interpolate MVIC
measurements to align with the more frequently
sampled RPE to account for the differences. As a sensi-
tivity analysis, the team examined the impact of a differ-
ent (cubic) fit and observed that it had a minimal effect
on both the correlations and the reported p-values.
Nevertheless, the limited sampling of six MVIC observa-
tions per condition and the fact that 12 of 56 and 18 of
56 trials (from 7 participants — 5 female, 2 male) were
stopped due to exhaustion (RPE = 10) before the 45-
min completion time in the first and second work peri-
ods, respectively, may have impacted the reported
results. Finally, the isometric strength test at 90° shoul-
der flexion may not capture the full effect of fatigue on
the shoulder musculature since it targets only the anter-
ior deltoid. This posture was chosen as the position of
the highest shoulder moment for the order-picking task.
However, since the task was dynamic and posture was
not controlled during picking, participants could vary
their movements and may have fatigued different
muscles or experienced some recovery within the task.

Conclusions

This study was designed to identify the relationships
between RPE and relative strength across different
conditions simulating order-picking tasks over two
45-min work periods separated by 15min of rest. The
results indicate that subjective responses to the task at
the group level were consistently related to relative
strength. Hence, this study provides some support for
using RPEs as the outcome measure of choice for
fatigue prediction/modeling wearable-based studies
(Lim and D’Souza 2020; Chan et al. 2022). However,
there was wide variability in the correlations at the
individual level, which were dependent on the work
period. Thus, the fatigue level at the start of a task or
workday should be considered when modeling
expected strength loss and RPE values. Future work
should evaluate different durations of recovery to
determine whether this difference remains when an
individual returns to a baseline level.
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