
Ergonomics In Design, Vol. 77, 2023, 727–735

https://doi.org/10.54941/ahfe1003433

Heart Rate Variability During Repetitive
Work in the Presence of Fatigue
Diogo Carvalho1, Luís Silva2, Miguel Carvalho3, Mariana Dias2,
Nélson Costa3, Duarte Folgado2,4, Maria Lua Nunes4,
Hugo Gamboa2,4, and Elazer Edelman5,6

1Faculty of Medicine, Riga Stradins University (RSU), 16 Dzirciema iela, LV-1007 Riga,
Latvia

2Laboratório de Instrumentação, Engenharia Biomédica e Física da Radiação
(LIBPhys-UNL), Departamento de Física, Faculdade de Ciências e Tecnologia,
Universidade Nova de Lisboa, 2829–516 Caparica, Portugal

3School of Engineering, University of Minho, Campus de Azurém, 4800–058
Guimarães, Portugal

4Associação Fraunhofer Portugal Research, Rua Alfredo Allen 455/461, 4200–135 Porto,
Portugal

5Institute for Medical Engineering and Science, Massachusetts Institute of Technology,
Cambridge, MA 02139, USA

6Brigham and Women’s Hospital, Cardiovascular Division, 75 Francis Street, Boston,
MA 02115, USA

ABSTRACT

Background: Fatigue has been demonstrated to have a direct negative effect on the productivity
of the worker and a marked rise in the long-term occupational risk. The measures being presently
applied mainly target the muscular activity directly, that together with subjective understandings
of one’s own fatigue levels make up an inaccurate cumulative evaluation of fatigue. “Industry 4.0”
wearable devices allows for a more complete and continuous measurement of variables related
to fatigue, and thus represent a more accurate value of the worker’s fatigue level.
Aim: To analyse the structure of heart rate variability, as a measure of cardiovascular responsi-
veness, during repetitive work when muscular fatigue is present.
Tasks: A protocol was developed to simulate a real-life workplace scenario with a set of low-
intensity repetitive tasks that are commonly practiced. The signals obtained were then processed,
and heart rate variability was calculated using multifractal analysis and frequency domain varia-
bles.
Hypothesis: It was hypothesized that the structure of variability will change during repetitive work
in the presence of fatigue.
Methodology: Participants were asked to perform three 10-minute trials of a repetitive task invo-
lving a specific set of movements commonly required for work. Between each trial, a fatigue
protocol was carried out, targeting the main agonist muscle. An ECG was collected through a
wearable band placed on the level of the xiphoid appendix during the three trials denominated:
Baseline, Fatigue 1, and Fatigue 2.
Results: Significant differences were found in Very Low Frequency and Low Frequency in the
Baseline and Fatigue 2 conditions. However, there were no significant differences in High Frequ-
ency. The results of the fractal analysis did not show any significant differences for any q-order,
indicating that the fractal of HRV is maintained.
Conclusions: These results are enthusiastic for applying algorithms that use heart rate variability
to quantify cardiovascular responsiveness to fatigue during repetitive work. These results sug-
gest that fatigue alters the variability structure of HRV, but the fractal structure of HRV remains
unchanged.

Keywords:ECG, Fatigue, Heart rate variability, Occupational risk, Work, Industry 4.0, Operator 4.0

© 2023. Published by AHFE Open Access. All rights reserved. 727

https://doi.org/10.54941/ahfe1003433


728 Carvalho et al.

INTRODUCTION

Fatigue has been intrinsically associated with increased occupational risk,
demotivation and a higher incidence of cardiovascular diseases. This is par-
ticularly true when referring to workstations that require repetitive motions,
even if performed at low intensity. Additionally, when such movements must
be carried out in a static posture and with the hands above the level of the
head, this phenomenon becomes evident sooner. The relationship between
occupational stress and cardiovascular diseases has been explored as a result
of how the cardiovascular system reacts to external stressors during the work
shift. Therefore, metrics such as heart rate variability can be used to investi-
gate the stress-related cardiovascular changes that are described as part of
the long-term sympathetic and reduced parasympathetic activation.

Currently, the measures being studied include mostly subjective interpre-
tations of the worker’s fatigue levels, either by themselves or by the person
responsible to evaluate the workstation. This creates a very huge gap between
the perceived fatigue and the real fatigue level of the worker. Furthermore,
this interpretative method is usually done only once and after the task has
been fully completed, as otherwise this would be too time consuming and
distract the worker, making it impossible for work to be done, which in turn
makes a continuous monitoring of fatigue unachievable. On the other hand,
once direct measures have been applied to muscular fatigue through the use
of electromyography technology, the main goal has been more focused on
occupational risk evaluation and further stratification, used then cumulati-
vely with the subjective interpretations. Consequently, this invites for the use
of an advanced technology to address the above-presented issues. The pro-
posal presented in this study is “Industry 4.0” technology, which allows for
a continuous monitoring of low-intensity repetitive tasks through the use of
wearables.

In order to simulate as accurately as possible a workplace scenario, a pro-
tocol was developed with a specific set of low-intensity repetitive motions
which are usually required to practice work. These include reaching, grab-
bing, moving and positioning, all while in a static posture. In this case, a
standing position was chosen as the neutral static pose, to which the subject
must return to between each predefined motion. Three trials compose this
study, denominated in order of occurrence as Baseline, Fatigue 1 and Fatigue
2. Each of these trials had a duration of 10 minutes and the number of cycle
repeats was self-paced by the subject. Once the baseline values were esta-
blished, the subjects were submitted to a fatigue protocol which took place
before every Fatigue trial. This protocol targeted the main agonist muscle
required for the repetitive task, ensuring the presence of muscular fatigue.
Data was then collected during the trials via an electrocardiogram (ECG),
which collected the signals from a wearable band placed on the level of the
xiphoid appendix.

It was hypothesized that the examination of the structure of heart rate
variability will present with changes during repetitive work in the presence
of fatigue.
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The remainder of this work is organized in the following order: Materials
and methods, describing the subjects, the methodology, and the statistical
analysis carried out in this study; followed by the results obtained; their
discussion with a description of the study limitations and future recommen-
dations; and finally, the conclusions taken, with the due acknowledgments
and sources.

MATERIALS AND METHODS

Study Population

22 healthy individuals were selected for this study (11 females, 11 males;
age 27.0 ± 8.3 years; height: 1.72 ± 0.09 m; mass: 63.4 ± 12.9 kg), who
were previously informed and were accepting of the protocol that was fully
explained before the trials started. Every individual signed an informed con-
sent to be part of this study’s population. It was carried out in conformity
with the Declaration of Helsinki, and consented by the Ethics Committee of
the University of Porto.

Methodology

A set of three trials, denominated “Baseline”, “Fatigue 1”, and “Fatigue 2”,
each with a duration of 10 minutes, was developed. During each trial, the
participants performed a predefined set of repetitive movements at their own
pace without interruptions. The trials consisted of starting in a neutral posi-
tion with arms fully relaxed, picking up a box from a low shelf, and placing
it on a higher shelf in one continuous motion, then returning to the neutral
position after releasing the box. The same set of movements was then repea-
ted to return the box to the low shelf. This cycle was repeated as many times
as possible within the 10-minute time-frame. The cycle was therefore com-
prised of two phases, an ascending phase (from lower to higher shelf) and a
descending phase (from higher to lower shelf).

Fatigue Sequence: three consecutive trials of biceps curl until muscular
failure is achieved before every Fatigue trial.

When adjusting the shelf heights for the task, the subjects’ individual phy-
sical characteristics were taken into consideration. The height of the upper
shelf was set at a height where the middle of the box was at eye level during
the neutral pose, while the lower shelf was adjusted to be at the level of
the middle finger, equally during the neutral pose. To ensure consistency, the
weight of the box was calculated as 5% of the subject’s total mass.

Before each “Fatigue” trial, a fatigue protocol was carried out, consisting
of three trials with 10 to 15 bicep curls per trial, performed until muscle fai-
lure was reached. The weight on the bar was initially set at 65–75% of the
subject’s maximum force, estimated based on their body mass. To ensure
muscle failure within the prescribed number of repetitions, precautionary
measures were taken. If the participant reached muscle failure before comple-
ting 10 repetitions, the load was adjusted based on the number of repetitions
already performed. Conversely, if the participant did not reach muscle fai-
lure after 15 repetitions, the load was increased accordingly, and the trial
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Figure 1: Visual representation of the sequence of the trials: starting from a neutral
position, a) grab box from lower shelf; place box on upper shelf; return to neutral
position; b) grab box from upper shelf; place box on lower shelf; return to neutral
position.

was repeated. Additionally, to remove psychological biases and ensure true
physiological muscle failure, the researcher encouraged the participant to per-
form one last repetition at the end of every trial upon the subjective muscle
failure assessed by the subject.

Statistical Analysis

The statistical analysis of the results involved several tests to ensure accuracy.
First, the Shapiro-Wilk test was used to verify the normality of the data.When
the data met this assumption, the differences among the three trials (Baseline,
Fatigue 1, and Fatigue 2) were assessed using repeated measures ANOVA.
To check the sphericity assumption, Mauchly’s test was performed. If the
test was not valid, Greenhouse-Geisser correction was applied. If the data
did not follow a normal distribution, Friedman’s test was used instead. If
differences were found, pairwise comparisons were conducted using either
the t-test or Wilcoxon’s test depending on whether the data was parametric
or non-parametric. Bonferroni’s correction was applied to adjust the p values.
The level of significance was set at 5%.

RESULTS

To quantify the amount of variability, two variables were used: mean RR
(HR), and the RMSSD. Both these variables showed significant differe-
nces (p < 0.001) when comparing the three trials (Baseline, Fatigue 1, and
Fatigue 2). The variables significantly differed from Baseline to Fatigue 1
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(pRR < 0.001; pRMSSD < 0.002) and to Fatigue 2 (pRR < 0.001; pRMSSD <
0.005). The mean RR also showed significant differences between Fatigue 1
and Fatigue 2 trials (pRR < 0.013). Figure 2 shows the results of these linear
measures.

Examining the structure of variability showed significant differences for
Very Low Frequency (VLF): (ξ ˆ2 (12) = 8.667; p = 0.0131); and Low Fre-
quency (LF): (ξ ˆ2 (12) = 7.167; p = 0.028). The HF did not show significant
differences (ξ ˆ2 (12) = 0.500; p = 0.779). In both cases, Baseline and Fati-
gue 2 conditions were responsible for these differences (p_VLF = 0.004;
p_VLF = 0.048). Figure 3 illustrates these differences.

Significant differences were not found for any q-order of fractal analy-
sis (F(2. 30) ∈ [1.275; 1.569] ; p ∈ [0.225; 0.294]), showing that the fractal
of HRV is maintained. Figure 4 confirms that there were no significant
differences in any q-order of the fractal analysis.

Figure 2: Linear measures for heart rate variability (mean RR, RMSSD).

Figure 3: Measures of the frequency domain on the structure of variability (VLF, LF, HF).

Figure 4: Nonlinear measures on the fractal analysis of variability.
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DISCUSSION

This study aimed to investigate the effects of fatigue on the structure of vari-
ability in heart rate variability (HRV) and the fractal of HRV. Heart rate
variability has been shown to be a powerful instrument and is also considered
one of the greatest biomarkers because of its association with changes that
may represent states of cardiovascular disease (Malik et al., 1996). The results
showed significant differences in very low frequency (VLF) and low freque-
ncy (LF) variability, but not high frequency (HF) variability. The Baseline
and Fatigue 2 conditions were responsible for these differences in both cases.
According to Maisel (Maisel et al., 2021), fatigue is a multi-dimensional
complaint that can be present in both healthy individuals and those with
a wide range of diseases. Its causes can vary greatly, ranging from biological
to psychosocial factors, making it difficult to pinpoint a specific etiology in
most cases. Despite this, Yamada (Yamada et al., 2019) has found that fati-
gue symptoms are significantly associated with pain-related disability and
depression.

The findings on the fractal of HRV indicate that there were no significant
differences in any q-order of the fractal analysis. This may suggest that the
fractal of heart rate variability is maintained even in the presence of fatigue.
Others have also found decreased HRV with the presence of fatigue, nota-
bly in individuals with chronic fatigue syndrome (Escorihuela et al., 2020),
drowsy drivers (Burlacu et al., 2021), mental stress (Melo et al., 2017; Zeng
et al., 2021), and by comparing elite athletes in a fatigued state by Schmitt
(Schmitt et al., 2013). This is an important finding as it suggests that the self-
similarity of HRV, which is indicative of its adaptability and resilience, is not
directly affected by fatigue. This may have implications for the assessment
of cardiac health and stress in individuals who engage in repetitive work or
experience chronic fatigue.

Therefore, repetitive work and particularly the presence of fatigue can have
a significant impact on the structure of HRV, with the VLF and LF compo-
nents being particularly affected. This is consistent with previous studies that
have shown that fatigue can lead to increased sympathetic activity and decre-
ased parasympathetic activity, resulting in changes in HRV.These studies, and
others like them, provide evidence that fatigue can have a significant impact
on HRV and autonomic nervous system activity. The maintenance of the fra-
ctal of HRV in the presence of fatigue is an important finding as it suggests
that the self-similarity of HRV is maintained, despite the impact of fatigue
on the structure of variability. Previously studies, such as Goldenberg (Gol-
denberg et al., 2019) and Naschitz (Naschitz et al., 2003) showed that this
fractal structure represents a healthy condition, and its breakdown is a con-
sequence of disease, where there is a disruption of the intrinsic mechanisms
of the heart rate. This may have important implications for the assessment
of cardiac health and stress in individuals who engage in repetitive work or
experience chronic fatigue.

In sum, the results of this study suggest that fatigue can have a significant
impact on the structure of HRV, with the VLF and LF components being
particularly affected. However, the fractal of HRV is maintained even in the
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presence of fatigue, suggesting that the self-similarity of HRV is not affe-
cted. These findings may have important implications for the assessment of
cardiac health and stress in individuals who engage in repetitive work or
experience chronic fatigue, specifically workers whose job position requires
these conditions in a daily basis.

Study Limitations and Recommendations

The primary limitation of this study was the artificial induction of fatigue
through a fatigue protocol exercise. As this does not represent the natural
process of fatigue experienced during a typical workday, further investigation
directly in the workplace is required to obtain a more accurate representation
of the real fatigue experienced by workers. Another limitation was the short
record time of 10 minutes per trial, which is only a small sample of a worker’s
shift. To support the conclusions made and substantiate the results obtai-
ned, further analysis of HRV during a full shift, preferably a 24-hour HRV,
is necessary. Additionally, a larger pool of subjects is required to verify the
results obtained, and the intra-subject variability should also be interpreted
further.

It is therefore recommended to conduct further research on the impact of
fatigue on HRV, ideally in real workplace settings, for longer periods. Such
studies would help identify additional variability or adaptation mechanisms
that may not have been observed during the 10-minute trials in this study.
Moreover, future studies on this matter should consider increasing the num-
ber of subjects to improve statistical power and generalize the results to a
wider population.

CONCLUSION

The study aimed to investigate the potential of heart rate variability (HRV)
algorithms to assess physical fatigue during repetitive work by measuring
cardiovascular responsiveness to fatigue. The findings revealed significant
differences in time-domain measurements of HRV between baseline and fati-
gue trials, indicating that time-domain algorithms could be used in real-time
to evaluate physiological changes caused by fatigue in a repetitive worksta-
tion. Additionally the structure of HRV was also analysed using the available
frequency variables given the time-frame of the data gathered in this study.
The results obtained show the maintenance of the fractal structure, thus
supporting with the idea that while fatigue can have significant impact on
the amount of cardiovascular responsiveness, the structure of the HRV is
maintained, even during the second Fatigue trial.

Therefore, HRV exhibited clear adaptation during the state of fatigue while
maintaining its structure. Real-time gathering and analytical interpretation of
such fatigue indicators can possibly help prevent the development of cardio-
vascular pathologies caused by fatigue in the working population, which is a
well-known risk factor.
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