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ABSTRACT

Introduction: Physical fatigue is one of the major risk factors for work-related musculoskeletal disorders and has
many life and financial costs. The impact of physical/biomechanical, psychosocial, environmental, and individual
risk factors on muscle fatigue is undeniable. The aim of this study is to model the phenomenon of muscle
fatigue (as output) in the hand in work environments based on these risk factors (as input) using soft computing
methods.

Material and Methods: In the first step, associated risk factors of fatigue for 156 subjects (in three job
categories) were assessed using Copenhagen environmental, psychosocial, demographic, and Man-TRA tools.
Then, the Roman-Liu equation and mean square amplitude of acceleration waves were used to measure fatigue
with a dynamometer and a three-axis accelerometer, respectively. Finally, according to the nature of risk factors
and the phenomenon of fatigue, six categories (24 methods) of supervised machine learning (SML) based on
classification were selected. MatLab software (MatLab R2017b, The Mathworks Inc., MA, U.S.A.) was used to fit
the models using SML.

Results: The best-fitted models in the first and second half of the work shift were obtained using support vector
machine methods. Physical risk factors had a significant impact on physical fatigue. After filtering low-priority
risk factors, in the first half of the work shift, the most optimal model had an accuracy of 71.8%, precision of
72.5%, sensitivity of 76.9%, specificity of 70.8%, and discrimination power equal to 73%. In the second half of
the work shift, the accuracy, precision, sensitivity, and specificity of the optimized model were 60.3%, 57.5%,
50%, and 46.9%, respectively, and the discrimination power was obtained at about 62%.

Conclusion: The fitted models for hand fatigue had acceptable performance in both sections of the shift but
can still be optimized. Therefore, it is necessary for future studies to improve the quality of input and output
data and include other dimensions affecting fatigue such as cognitive workload and type of work shift in future
models.
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1. INTRODUCTION

Fatigue is among the most important initiators
of musculoskeletal disorders (MSDs) in the
workplace. It has also been proven that fatigue can
negatively affect quality, performance, efficiency,
and productivity at work. Fatigue can lead to
problems if its risk factors are not managed and
its outcomes accumulate. Various studies have
separately focused on the relationship between
fatigue and physical, individual, psychosocial, and
environmental risk factors. However, fatigue is also
a multidimensional phenomenon; for this reason,
researchers have attempted to model fatigue with
different approaches to gain more understanding
and knowledge about this multidimensional
phenomenon. Therefore, the present study uses soft
computing methods to model fatigue (as output)
based on environmental, physical, psychosocial,
and individual risk factors (as affective inputs on
fatigue issues).

2. MATERIAL AND METHODS

The risk factors contributing to hand fatigue of
156 participants in three job categories (Jobs with
light manual tasks, such as office staff; Jobs with
moderate manual tasks, such as carpet weavers; and
Jobs with heavy manual tasks, such as stone-cutters)
were assessed. Volunteers who met the three criteria
for inclusion in the study: 1) 218 years old, 2) lack of
MSDs in the upper limb (e.g., neck, shoulders, arms,
elbows, and wrists), and 3) lack of cardiovascular
and neurological disorders that could influence
hand tremor, were selected. The analysis of hand
tremor and grip force was performed three times
(pre-shift, mid-shift, and post-shift) during a work
shift. Additionally, the participants carried out their
daily tasks on the test day.

The applied tools for assessment of psychosocial,
physical, environmental, and individual risk factors
were the Copenhagen Psychosocial Questionnaire
(QopSoq), Manual Task Risk Assessment (Man-
TRA), environmental risk factor questionnaire,
and demographic questionnaire, respectively.
Moreover, the participants’ fatigue was measured
using: 1) a dynamometer and measurement of
the level of grip force and its reduction during a
work shift as grip fatigue (the grip fatigue equation
as force changes index (FCI) equation that was
proposed by Roman-Liu et al.), and 2) a three-
axis/wireless accelerometer and reduction in root-
mean-square (RMS) acceleration of vector axis
calculated by Pythagorean quadruple.
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According to the nature of fatigue and its risk
factors, 24 classification-based supervised machine
learning methods were used. These methodsinclude
the category of tree-based models, SVM (support
vector machine methods)-based models, Bayes
theory-based models, K-Nearest Neighbors (K-
NN) based models, linear models, and aggregation-
based models. Furthermore, the Neighborhood
Component Analysis (NCA) method was used
to improve the fitted models’ performance and
introduce the most important and influential risk
factors into the models. The statistical analysis was
performed by SPSS software (version 20; SPSS Inc.,
Chicago, IL). Moreover, MatLab software (R2017b,
The Mathworks Inc., MA, USA) was used to fit
models based on computational intelligence.

3. RESULTS AND DISCUSSION

After identifying the people who had/had not
experienced fatigue based on the criteria of changes
in grip force and the RMS of tremor acceleration
(as the output of the proposed models) and
assessing the related risk factors (as the inputs of
the proposed models), classification-based models
were fitted. The best models fitted in the first half of
the work shift (the interval between the beginning
and the middle of the work shift) and the second
half (the interval between the middle and the end
of the work shift) were fitted using SVM. After
refining low-priority risk factors using the NCA
method, the characteristics of the best-fitted
model in the first and second half of shift work are
mentioned in Table 1 and Table 2, respectively.

Today, many researchers attempt to find
solutions for the well-being, comfort, and health of
employees with manual jobs. Some previous studies
have also paid particular attention to muscle fatigue
among employees with manual tasks. However, the
models used to estimate fatigue have often been
one-dimensional, and less attention has been paid
to multifactorial models of muscle fatigue among
employees. In this study, modeling hand fatigue
based on various risk factors in a work environment
was discussed using soft computing methods.

The studies conducted in the field of human
fatigue modeling are diverse. For instance,
Kahreman et al. modeled human fatigue in natural
work environments in safety-sensitive industries
(e.g., ships) using Bayesian networks. In another
study, Craye et al. placed subjects on a simulated
driving platform and equipped them with several
sensors that recorded behavior, fatigue features,
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Table 1: The best fitted SVM-based model (Based on the prioritized risk factors) for fatigue during the first part of shift

Work type

Work duration
Force/ speed iti
Repetitiveness
Posture Vibration
Work duration

ManTRA-Total score
Factor 1-CopSoq
Factor 2-CopSoq

Factor 1-CopSoq
Factor 2-CopSoq
Factor 3-CopSoq

Kernel function type Gaussian Cubic
Kernel scale 0.8 2
Accuracy 71.8% 55.8%
Sensitivity 72.5% 52.0%
Recall 76.9% 64.6%
Specificity 70.8% 40.4%
r

o .

.y )

ROC curve I i e

u—r“j_l‘
| = -
Discrimination power or AUC 0.73 0.51

Note: SVM: Support vector machine Method, GF: Grip Force measured by dynamometer, mean: mean of measured parameters, TrAcc: The
acceleration of hand tremor measured by accelerometer, A: parameter changes, CopSoq: Copenhagen psychosocial questionnaire, ROC:
Receiver operating characteristic, AUC: Area under Curve.

Table 2: The best fitted SVM-based model (Based on the prioritized risk factors) for fatigue during the second part
of shift

Type of work ManTRA-Total score

Posture Factor 1-CopSoq
Factor 1-CopSoq Factor 2-CopSoq
Factor 2-CopSoq Factor 3-CopSoq
Kernel function type Gaussian Gaussian
Kernel scale 0.5 0.9
Accuracy 60.3% 54.5%
Sensitivity 57.5% 53.5%
Recall 50.0% 50.0%
Specificity 46.9% 56.6%
/ ﬁfﬂ
I i -
ROC curve il (J o i -
ol -
iy F
L =

Discrimination power or AUC 0.62 0.52

Note: SVM: Support vector machine Method, GF: Grip Force measured by dynamometer, mean: mean of measured parameters, TrAcc: The
acceleration of hand tremor measured by accelerometer, A: parameter changes, CopSoq: Copenhagen psychosocial questionnaire, ROC: Receiver
operating characteristic, AUC: Area under Curve.
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and distraction. Some models have explicitly
focused on muscle fatigue. For example, Jebelli et
al. modeled muscle fatigue among construction
workers with a system dynamics model with a
physiological approach based on endurance time.
In general, it can be said that the microscopic view
of these studies on muscle fatigue is often very
complicated for ergonomic purposes and due to
many variables in some of these models, they have
little applicability in work environments.

According to modeling principles, the best-
fitted model is one that has the highest accuracy
and precision. In addition, at the same time, it has
more balanced sensitivity and characteristics than
other fitted models.

4. CONCLUSIONS
Overall, in both work sectors of the shift, the
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performance indicators of the fitted models had
average performance (especially in the second half
of the work shift), and they cannot be referred to
as models with strong performance. However, the
researchers of the present study believe that by
adopting a systemic approach to muscle fatigue,
it is possible to better identify the relationships
and simultaneous interactions of risk factors in
creating this phenomenon and control them with
multifaceted recovery measures.
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