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ABSTRACT

The main goal of this study was to detect muscle fatigue and to identify muscles vulnerable to 
musculoskeletal disorders by evaluating muscle activation of subjects during welding tasks. In 
this study, six subjects performed two different welding tasks for a total of three hours. Surface 
electromyography (sEMG) was used to record the muscle activation of 16 different muscles. 
Recurrence quantification analysis (RQA) was then used to analyze the EMG data. In addition, a 
subjective fatigue assessment was conducted to draw comparisons with the RQA results. According 
to the RQA results, 12 of the tested muscles experienced fatigue by showing significant difference in 
RQA values (p-value &lt; 0.05) between the first and last 10 minutes of the experiment. Moreover, 
time-to-fatigue results obtained from RQA and subjective analysis were closely correlated for seven 
muscle groups. This study showed that RQA can be used in ergonomic studies for evaluating muscle 
activation during construction tasks.
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INTRODUCTION

Work-related musculoskeletal disorders (WMSDs) are common health problems which have 
tremendous impact on manual workers (Stattin & Järvholm, 2005). In the United States, 37% of all 
injuries in construction are caused by WMSDs (Schneider, 2001). WMSDs are believed to be caused 
by prolonged and repetitive work, localized muscle fatigue, tedious and short tasks (Amell & Kumar, 
2001; Buckle & Devereux, 2002), as well as repeated awkward postures and handling tasks (Valero 
et al., 2017). Such musculoskeletal disorders can affect the lower back, shoulder, elbow, forearm, 
wrist, and hand (Gazzoni, 2010). One construction task which has most of the above mentioned 
characteristics is welding. Welding is a highly precise and mostly static type of task which requires 
strength and capability to carry out proficient movements (Kadefors et al., 1976). Research shows 
that musculoskeletal disorders are common among welders, especially in the shoulder (Jarvholm 
et al., 1991; Torner et al., 1991), neck, and low back (Torner et al., 1991). Welders also have a 
prevalence of supraspinatus tendinitis development, even new welders with relatively limited time 
on the job (Herberts et al., 1981). Torner et al. (1991) found that welders experienced significantly 
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more supraspinatus tendinitis than office clerks. They also found that 35 out of 131 surveyed welders 
experienced shoulder pain during work, and 34 out of 58 surveyed welders experienced dysfunction 
in the right shoulder, while 15 of them experienced dysfunction in the left shoulder. Moreover, 44 
out of 58 surveyed welders faced subjective shoulder and/or neck symptoms during the previous year. 
In addition, 16 of them encountered symptoms of an earlier hand injury. Investigation of the task 
and muscle activity related to welding tasks is warranted to identify ways to prevent musculoskeletal 
disorders related to welding. Therefore, a quantitative measure for evaluating muscle activity and 
detecting risk factors can be of great importance in preventing WMSDs. Moreover, development of 
real-time quantitative health and safety-related feedback about worker’s activities in construction sites 
is an emerging area of investigation in construction research (Clasby et al., 2003; Harvey & Peper, 
1997; Oldham et al., 2000).

SURFACE ELECTROMYOGRAPHY (SEMG):

The use of sEMG (Surface Electromyography) has been shown to be one of the most effective and 
quantitative methods to evaluate muscle activity and risk factors (Dennerlein et al., 2003; Farina, 
2006; Lowe et al., 2001; Panahi & Cho, 2016; Sporrong et al., 1999). Moreover, sEMG offers a 
great advantage to be used as a real-time measurement method. There are two major physiological 
elements of the muscle that affect the EMG signal: reduction in conduction velocity in the muscle 
fibers and enhanced motor unit synchronization, the state in which motor units fire at the same time. 
These phenomena cause the frequency of the EMG signal to decrease and the amplitude to increase. 
These two phenomena, reduction in conduction velocity and increase in motor unit synchronization, 
are believed to be the myoelectric manifestations of muscle fatigue (Farina et al., 2002; Jensen et al., 
2000; Li et al., 2004). Muscle fatigue analysis using sEMG has shown promising results in quantifying 
muscle activation for ergonomic purposes (Peppoloni et al., 2016).

Antwi-Afari and et al. (2017) used sEMG to evaluate the risk factors for work-related 
musculoskeletal disorders during repetitive lifting task in construction workers. They studied the 
effects of lifting weights and postures on muscle activity and muscle fatigue. They were able to 
show that increased lifting weights significantly increased muscle fatigue of the biceps brachii, 
brachioradialis, lumber erector spinae, and medial gastrocnemius. Kadefors and et al. (1976) applied 
quantitative electromyography analysis to the muscles of the shoulder (deltoideus, biceps brachii, 
rhomboideus major, upper and middle trapezius, and supraspinatus) to find localized muscle fatigue 
in both experienced and inexperienced welders while performing standard welding tasks, for a total 
of 10 minutes for each subject. According to their study, inexperienced welders showed signs of 
muscle fatigue in the deltoid, supraspinatus and upper trapezius muscles, while experienced welders 
showed signs of muscle fatigue in the supraspinatus muscle only. They concluded that training and 
enhanced skills may lower the muscle fatigue in welders, but this would not eliminate the load on 
the supraspinatus muscle.

Lowe and et al. (2001) utilized EMG and discomfort analysis to study muscle fatigue of several 
muscle groups (upper trapezius, middle deltoid, anterior deltoid, latissimus dorsi, erector spinae, 
extensor digitorum communis, and flexor digitorum superficialis). The subjects were welders working 
in a confined space. Their study showed that during SMAW (Shielded Metal Arc Welding), several 
muscles showed signs of fatigue; however, fewer muscles showed such a symptom during FCAW (Flux-
cored Arc Welding), suggesting that this welding method may cause less muscle fatigue in welders.

Ergonomic studies on welding tasks such as these are mainly conducted in laboratories with 
isometric loads or for relatively short periods of time. It is more applicable to study such tasks during 
real-world tasks that involve dynamic muscle activity. It is also more pertinent to extend the length of 
simulated studies to represent the real world situation as close as possible. There is, however, a major 
challenge when it comes to evaluating dynamic activities from the perspective of data analysis. The 
mechanism involved with such activities is more intricate and less understood than static activities with 
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isometric contractions (Dennerlein et al., 2003). Variations of the distance between the muscle and 
the sEMG sensor, the muscle fiber length, as well as the output force are the cause of such complexity 
(Farina, 2006) and as a result, in the case of dynamic activities, the sEMG data are not stationary. 
Therefore, in order to evaluate sEMG signals recorded from dynamic activities, a proper data analysis 
technique must be selected. Most of the traditional techniques, however, require stationary data.

Recurrence Quantification Analysis (RQA)
Recurrence Quantification Analysis (RQA) is a novel data analysis method that does not require 
stationary data and has shown promising results in detecting muscle fatigue during dynamic 
activities (Bauer et al., 2017; Clasby et al., 2003). Synchronization of motor units is believed to 
create deterministic patterns in EMG signal during the fatiguing stage (Li et al., 2004). Motor unit 
synchronization takes place to prevent task failure during the fatiguing stage (Jensen et al., 2000). 
This phenomenon has been identified during conventional occupational tasks utilizing one of the 
RQA measures called Determinism (DET) (Farina et al., 2002), which is discussed in section 2.4. 
Consequently, DET can be used to detect muscle fatigue in dynamic activities (Clasby et al., 2003).

This article is structured as follows. Firstly, the method of the research is provided which includes 
the research design, description of the welding tasks used in this study, sEMG data collection, 
description of the data analysis method (recurrence quantification analysis) implemented in this study, 
subjective assessment of muscle fatigue, and statistical analysis. Then, the results are presented and 
discussed utilizing different subsections which also includes future studies. Lastly, a conclusion is 
drawn.

METHODS

Research design

Increasing importance of avoiding WMSDs among construction workers, especially welders, motivated 
this study to apply a novel non-stationary data analysis method for analyzing muscle activation 
of subjects during welding tasks. The authors hypothesized that muscle fatigue which is one of 
the causes of WMSDs can be investigated using RQA and significant difference can be detected 
between the beginning and end of the experiment. Firstly, EMG sensors were utilized in this study 
to capture muscle activation of sixteen muscle groups of six right-hand-dominant participants who 
performed two different welding tasks for total of three hours. Secondly, RQA was used to analyze 
the EMG data to detect any deterministic pattern. DET, one of the RQA measures, was used for this 
purpose and it was applied to every minute of the experiment. Average DET% values were calculated 
among all the participants to find out the determinism values of the first and last 10 minutes of the 
experiment for each muscle. Thirdly, the muscles which showed significant difference between the 
first and last 10 minutes were further investigated to find their time-to-fatigue using both RQA and 
subjective analysis. In order to determine the time-to-fatigue moment for each muscle, the authors 
first used exponential smoothing and then by calculating the slope of the graph for each minute of the 
experiment the authors determined the time at which the average slope became positive. This time 
was considered time-to-fatigue. For subjective results, time-to-fatigue was considered the average of 
the times at which the fatigue score became non-zero. Finally, statistical analysis was implemented 
to determine the correlation between subjective and RQA results.

Welding Tasks
A total of six right-hand-dominant subjects participated in this study. The subjects’ demographic 
information can be seen in Table 1. All the subjects were engineering students who volunteered to 
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participate in this study. To exclude unhealthy subjects from the study, they were asked if they had 
any history of health issues such as chronic back or shoulder pain, cardiovascular disease or any 
considerable trauma to the target muscle groups. All the participants were healthy and did not have 
any experience of health problems. None of the subjects had any previous experience with welding 
tasks. A day before the experiment, all participants received an hour’s training on the welding tasks 
using welding simulator and became familiar with the study procedure. A virtual reality welding 
trainer (VRTEX 360, LINCOLN, Figure 1) was used in this study to perform Shielded Metal Arc 
Welding (SMAW) on two different types of coupons. Each subject performed 15 minutes welding on 
each coupon, first using a T-Joint coupon and then a 6” Diameter Schedule 40 Pipe coupon. Subjects 
repeated this sequence for a total of three hours.

sEMG Data Collection
Bicep, tricep, deltoid, upper trapezius, brachioradialis, lower erector spinae, medial gastrocnemius, 
and wrist extensor were the target muscle groups for this study, as they were studied by other 
researchers from different ergonomic fields (Antwi-Afaria et al., 2017; Bauer et al., 2017; Clasby 
et al., 2003; Halim, Omar, Saman, & Othman, 2012; Milerad et al., 1991; Peppoloni et al., 2016; 
Rogers & MacIsaac, 2011; Uhrich et al., 2002). A 16-channel sEMG system noninvasive Surface 
Electromyography (sEMG) device (Trigno Wireless sEMG System, DELSYS INC.) was used to 
record EMG data from the above-mentioned muscle groups. The surface of the skin was wiped with 
rubbing alcohol, and after letting it dry, the sensors were placed in the center of the muscle belly 
and parallel to the muscle fibers using Delsys Adhesive Sensor Interface. There was not any need 
to shave the sensor locations in any of the subjects. The sensors were placed firmly on the skin and 
there was a good contact between the skin and sensors. Trigno EMG Sensors use silver bar contacts 
for detecting the EMG signal at the skin surface. It is very important to make the orientation of these 
bars perpendicular to the muscle fibers for maximum signal detection. There is an arrow on the top 
of the sensor to determine this orientation. This arrow was placed parallel to the muscle fibers in the 
center of the muscle belly away from tendons and the edge of the muscle. Once the general locations 
were determined, muscle contraction was performed for each muscle to test the quality of the signals. 
Delsys Surface EMG Sensor does not require skin preparation and attachment for basic function. 
This allowed us to find the optimal position by adjusting the location of the sensors until the detected 
signal was maximized as the muscle was contracted. The EMGworks Signal Acquisition (DELSYS 
INC.) was utilized to capture and filter data with a sampling rate of 1926 Hz.

Recurrence Quantification Analysis (RQA)
Recurrence Quantification Analysis (RQA) is a novel nonlinear data analysis method which is based 
on recurrence plots (RP) displaying the recurrence of a dynamical system. In fact, RP is a visualization 

Table 1. Participants’ demographic information

Subject Sex Age (year) Height (cm) Weight (kg)

1 M 34 178 72

2 M 25 172 81

3 M 31 182 70

4 M 23 177 85

5 M 24 165 64

6 M 28 180 98
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of all the times at which a phase space trajectory of a dynamical system passes approximately through 
the same area.

Let’s assume that �x
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 is a trajectory of a system in its phase space (Eckmann et al., 1987). 
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Where x x
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≈  is equality within a certain distance ε  in which the system recurs. N  is the 

number of examined states. In fact, the states of a system at times i  and j  are compared by the 
matrix. If the states are similar R

i j,
 will be equal to 1 and if they are not similar, then R

i j,
 will be 

considered 0. Figure 2 shows examples of three different recurrence plots for different systems 
(Marwan et al., 2007). In this study, since the authors are evaluating EMG data, x

i
 and x

j
 are voltage 

values in time series. The authors converted a single dimension time series into 2-dimensional matrix 
form for recurrence plot analysis. Figure 2.A displays the RP of a periodic motion on a circle by long 
and continuous diagonals with vertical distance between them representing the period of the oscillation. 

Figure 1. VRTEX 360, LINCOLN welding simulator
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Figure 2.B displays the RP of a chaotic Rössler system by shorter diagonal lines. Lastly, Figure 2.C 
displays the RP of uniformly distributed noise by many single black dots with inconsistent distribution. 
It can be concluded from these three recurrence plots that the longer the diagonal lines, the more 
predictable the system (Marwan et al., 2007).

Marwan et al. (2007) defined the tool to measure recurrences of a trajectory �x
i

d∈   in phase 
space. According to their study, the RP can be shown as follows (Marwan et al., 2007):

R x x i j N
i j i j,

, , , , ,ε ε( ) = − −( ) = …Θ
� �

���� 1 	 (2)

Where N  is the number of measured points �x
i
, ε  is a threshold distance, Θ .( )  the Heaviside 

function and .  is a norm. They introduced the following for states which are within ε  threshold 
distance (Marwan et al., 2007):
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The recurrence matrix obtained from Eq. 2 is then used to create an RP using different colors 
for binary entries. For instance, a black dot is assigned to the coordinates i j,( ) , if R

i j,
≡ 1 , and a 

white dot is used if R
i j,
≡ 0 . Both axes of the RP are time (Fig. 2). Recurrence plots will always 

have a black main diagonal line called line of identity (LOI) since R
N

ii i,
≡

=
1

1
. It is also symmetric 

with reference to the LOI, since R R
i j j i, ,
≡ � .

Selecting the distance threshold ε  is very crucial to plot an RP. A few percent of the maximum 
phase space diameter is suggested to a proper value for ε  (Mindlin & Gilmore, 1992). It is also 
suggested that it should not be larger than 10% of the mean or maximum phase space diameter (Zbilut 
& Webber, 1992).

Figure 2. RP of (A) a periodic motion with one frequency, (B) the chaotic Rössler system and (C) of uniformly distributed noise 
(Santy & Dawal, 2010)
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The amount of predictability of a system can be quantified using one of the RQA measures called 
Determinism (DET). In order to calculate the percentage of determinism (DET%), the following 
formula is used (Marwan et al., 2007):

DET
lP l

lP l

l l

N

l

N
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( )
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× ( )=

=

∑
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100 	 (4)

Where N  is the length of a data series, l
min

 is the predefined minimal length of a diagonal line, 
and P l( )  is a histogram or frequency distribution of diagonal line lengths. l

min
 is set to 2 in this 

study (Li et al., 2004). A cross-recurrence plot (CRP) toolbox was used for RQA analysis (Marwan 
et al., 2007). To derive DET%, RQA was applied to each minute of the EMG data recorded from 
each muscle. In addition, the exponential smoothing method was utilized to identify the time-to-
fatigue for each muscle group based on the following formula:

S y S
t t t
= + −( )− −α α

1 1
1 	 (5)

Where S
t
 is forecast value at time t , y

t−1  is the actual value at time t , α  is the smoothing 
constant which is set to 0.5, and t  is the time period. In order to determine the time-to-fatigue moment 
for each muscle, the authors first used exponential smoothing and then by calculating the slope of 
the graph for each minute of the experiment the authors determined the time at which the average 
slope became positive.

Subjective Assessment of Fatigue
The CR-10 Borg scale (Borg, 1982) was used in this study to rate the level of muscle fatigue in 
the muscle groups. Each subject was asked to rate their level of muscle fatigue every 10 minutes 
throughout the experiment. The authors used scores from 0 to 10 (with 0 meaning “nothing,” 5 meaning 
“intense,” and 10 meaning “very intense”). This was explained to the participants both verbally and 
in writing. In this study, the average of the times at which the scores of the subjects became non-zero 
was considered as time-to-fatigue for each muscle.

Statistical Analysis
To compare the average DET% values obtained from the first and last 10 minutes of the experiment, 
paired t-test was used. This test was conducted for each muscle group to find out any significant 
difference in DET% values between the beginning and end of the experiment. This statistical analysis 
was performed using SPSS software (IBM Corp., Armonk, NY, USA). The statistical significance 
level was set at α=0.05. Any muscle group which showed significant difference was further analyzed 
with the same statistical analysis to compare its DET% values to its subjective fatigue results.

Results and Discussion
The subjects performed the welding tasks on a virtual reality welding trainer which enabled us to 
evaluate welding tasks in a standardized fashion. RQA was used to evaluate sEMG non-stationary 
data recorded from the welding tasks. The dynamic nature of these type of activities increases the 
complexity level of the data analysis. Thanks to the capability of the RQA method, the authors were 
able to overcome this complexity and successfully analyze the EMG data. RQA, specifically DET, 
allowed us to detect the deterministic pattern in EMG data which is used as the indicator of muscle 
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fatigue in this study. Figure 3 shows the average DET% values for the first and last 10 minutes of the 
experiment for all sixteen muscle groups.

(L.B: Left Bicep, R.B: Right Bicep, L.T: Left Triceps, R.T: Right Triceps, L.D: Left Deltoid, 
R.D: Right Deltoid, L.U.T: Left Upper Trapezius, R.U.T: Right Upper Trapezius, L.L.E.S: Left 
Lower Erector Spine, R.L.E.S: Right Lower Erector Spine, L.BR: Left Brachioradialis, R.BR: Right 
Brachioradialis, L.W.E: Left Wrist Extensor, R.W.E: Right Wrist Extensor, L.M.G: Left Medial 
Gastrocnemius, R.M.G: Right Medial Gastrocnemius)

Left and right biceps and triceps did not show any significant changes in DET% value between 
the first and last 10 minutes of the experiment (p-value > 0.05). Unlike these two muscles, other 
muscle groups (left and right deltoid, upper trapezius, brachioradialis, lower erector spinae, medial 
gastrocnemius, and wrist extensor) showed significant difference in DET% (p value < 0.05) between 
the first and last 10 minutes. The increase in DET% values can be because of the fact that motor 
units are firing more rapidly at regular intervals in a synchronized manner, a phenomenon that 
occurs during the fatiguing stage (Hussain et al., 2018). As discussed before, DET% measures the 
predictability of the EMG data. Therefore, the lower the DET%, the higher the randomness, and 
the less the determinism and stationarity of the EMG data. This can be noticed during the first 10 
minutes of the operation for all the muscle groups when they are all fresh and in non-fatigued stage. 
In the beginning of an activity, motor units of the muscles usually fire at higher rates, which can 
be the cause of non-stationarity and randomness in EMG data. Yet, as the muscles start becoming 
fatigued, an increase in motor unit synchronization and reduction of conduction velocity increase 
the predictability and determinism of the EMG data. Other studies confirm that higher determinism 
is an indication of fatigue (Felici et al., 2001; Ikegawa et al., 2000).

Table 2 provides the time-to-fatigue for all of the twelve muscles which experienced fatigue 
(left and right biceps and triceps are therefore omitted from this table). Time-to-fatigue values were 
obtained from both DET% and subjective results. DET% and subjective results were not significantly 
different in seven muscles (left deltoid, right deltoid, left upper trapezius, right upper trapezius, left 
lower erector spine, left medial gastrocnemius, and right medial gastrocnemius). However, there 
was significant difference between DET% and subjective results for right lower erector spine, left 
brachioradialis, right brachioradialis, left wrist extensor, and right wrist extensor. Table 2 lists all the 
twelve muscles and their time-to-fatigue in order from first to last muscle.

Figure 3. First and last 10 min average DET% values for all sixteen muscles
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The difference between the time-to-fatigue obtained from DET% and subjective analysis might 
be due to the evaluation time interval for subjective analysis which was every 10 minutes. As can 
be seen, right deltoid was the first muscle to experience fatigue after 41.2 minutes of experiment, 
and right wrist extensor was the last muscle to experience fatigue after 81.2 minutes of experiment.

It is worthwhile to mention that the subjective fatigue scores which were used to obtain time-to-
fatigues are considered low intense. This means that if the authors used, for instance, intense fatigue 
scores (for example: 5) as a criterion to obtain time-to-fatigue values, most likely there will not be any 
close correlation between time-to-fatigues obtained from DET% and time-to-fatigues obtained from 
subjective fatigue scores. Figure 4 shows the subjective fatigue scores obtained from right deltoid of 
one of the subjects. For this particular subject, the time-to-fatigue is at 40 minutes, but if the authors 
change the criteria and use intense fatigue (for example 5) the time-to-fatigue is going to increase to 
around 150 minutes. Comparison between the quantitative and subjective time-to-fatigues reveals 
the sensitivity level of the RQA analysis to the changes in EMG.

Fatigue in Upper-Limb Muscles
It is interesting to note that right upper-limb muscles (deltoid, upper trapezius, and brachioradialis) 
experienced muscle fatigue before their left ones. According to DET%, right deltoid fatigued 13.6 
minutes before left deltoid, right upper trapezius fatigued 4.1 minutes before left upper trapezius, 
and right brachioradialis fatigued 3.7 minutes before left brachioradialis. Even though all the subjects 
were right-hand-dominant, the authors believe the difference between time-to-fatigue of right and 
left upper-limb muscles was mainly due to the fact that the subjects were required to hold the VR 
SMAW device with their right hand with proper travel speed and work angle for a long duration of 
time. In addition, the right hand was responsible for holding a constant contact tip to work distance. 
Therefore, the task required precise movements which may impose awkward postures on the subjects, 
especially on their right side muscles. The difference between the time-to-fatigue of right and left 
deltoid, which was 13.6 minutes, shows that right deltoid was affected by these awkward postures 
more than other right hand muscles. Other studies that investigated the muscle activation of subjects 
found similar impact on upper-limb muscles during different occupational and prolonged tasks. For 

Table 2. Time-to-fatigue for twelve muscle groups

Muscles
Average Time-To-Fatigue

P<0.05
Based on DET% Based on subjective 

fatigue score

right deltoid 41.2 (SD = 8.4) 40 (SD = 14.2)

right upper trapezius 44.5 (SD = 5.7) 45 (SD = 10.4)

right lower erector spine 47.1 (SD = 10.3) 53.3 (SD = 6.3) ▼

left upper trapezius 48.6 (SD = 7.8) 46.6 (SD = 10.3)

left lower erector spine 51.0(SD = 11.4) 48.3 (SD = 14.7)

left deltoid 54.8 (SD = 9.3) 55 (SD = 10.4)

right brachioradialis 59.6 (SD = 10.3) 70 (SD = 14.1) ▼

left medial gastrocnemius 60.5 (SD = 10.2) 56.6 (SD = 10.3)

right medial gastrocnemius 62.1 (SD = 6.6) 60 (SD = 3.2)

left brachioradialis 63.3 (SD = 8.4) 70 (ST = 10.9) ▼

left wrist extensor 77.3 (SD = 6.7) 86.6 (SD = 10.3) ▼

right wrist extensor 81.2 (SD = 9.4) 90 (SD = 8.9) ▼
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instance, Santy and Dawal (2010) showed that left and right upper trapezius (after 90 minute), anterior 
deltoid (after 95 minutes), brachioradialis (after 100 minutes), and bicep brachii (after 110 minutes) 
experienced muscle fatigue during light assembly task performed for duration of two hours. This 
type of task is also considered as light muscle activation with dynamic and repetitive movements. 
However, the difference between the time-to-fatigue as well as the order of the muscles experiencing 
fatigue found in their study and our study can be due to the different nature of welding and assembly 
tasks. In addition, a few other studies have shown that prolonged repetitive tasks can be the cause 
of wrist, hand and forearm disorders (Hansson et al., 2000; Muggleton et al., 1999; Thomsen et al., 
2002). It has been shown that these types of work-related musculoskeletal disorders in upper limbs 
are caused by muscle fatigue (Lomond & Cote, 2011; Nussbaum et al., 2001). Moreover, shoulder 
disorders, as one of the most serious work-related musculoskeletal disorders, have been found to 
be associated with prolonged and repetitive tasks which require precise movements (Christensen, 
1986; Kvarnstrom, 1983; Walker-Bone & Cooper, 2005). Using surface EMG, Beauchamp et al. 
(Christensen, 1986) found that the activity of the anterior deltoid increases in overhead welding by 
decreasing the angle between the wire tip and the weld gun handle. However, during the horizontal 
welding position, the anterior cubital was found to be most active.

FATIGUE IN LOWER-LIMB AND LOWER BACK MUSCLES

DET% of both left and right lower erector spine was found to be significantly different (p < 0.05) 
for the first and last 10 minutes of the experiment. This was also the case for left and right medial 
gastrocnemius. Right lower erector spine was found to be the third muscle to start experiencing fatigue 
after 47.1 minutes of the experiment. For left lower erector spine, however, the time-to-fatigue was 51 
minutes. Left and right medial gastrocnemius were the lower-limb muscles which started experiencing 
fatigue after 60.5 and 62.1 minutes of the experiment, respectively. The authors believe that the lower-
limb and lower back muscles experience fatigue due to the fact that welding tasks in this experiment 
are performed in a standing position for relatively long period of time. In this case, the lower-limb 
and lower back muscles have to tolerate the load of the upper body and undergo the forces which 
result from holding awkward postures to perform the task. As a result, this type of working position 
can contribute to musculoskeletal disorders in these muscles. In other studies, it has been reported 
that prolonged standing was the cause of foot or lower leg pain in 83% of the United States industrial 
workers (Zander et al., 2004), and muscle fatigue was found to be one of the main reasons for this type 

Figure 4. Subjective fatigue score obtained from right deltoid of one of the subjects
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of pain associated with the tasks which require lengthen standing positions (Madeleine et al., 1998). 
Halim and et al. (2012) studied the time-to-fatigue of the lower back, and anterior and posterior legs 
muscles during metal stamping which was performed in a standing position. They evaluated the muscle 
fatigue three times at the beginning (1st session), middle (2nd session), and the end (3rd session) of 
the work day using sEMG. Their study showed that right gastrocnemius experienced fatigue before 
other muscles at all sessions. They also found a decrease in muscle performance for all the tested 
muscles after two hours standing. They showed that all the tested muscles experienced fatigue at the 
end of working day earlier than the beginning and mid-day. In addition, they stated that regardless 
of the type of jobs, muscle fatigue takes place as a result of prolonged standing.

Recommendations For Preventing Muscle Fatigue
The repetitive and prolonged nature of welding tasks can impose fatigue on a welder’s muscles, which 
can as a result lead to musculoskeletal disorders. Therefore, in order to improve working condition of 
welders to reduce muscle fatigue, these awkward postures have to be eliminated or at least minimized 
prior to the state of muscle fatigue. Moreover, improvements should focus on minimizing the load on 
upper-limb and lower-limb as well as lower back muscles. Feedback about impacts of these postures 
can help welders reduce awkward body postures, minimize the repetitive movements, and limit the 
amount of load on different muscles.

In some cases, employee rotation might be effective method to avoid muscle fatigue by reducing 
the amount of exposure time to awkward postures and repetitive movements. Moreover, micro breaks 
can be another helpful method to rest the muscles before the time-to-fatigue. This allows the muscles 
to recover and as a result to avoid performance reduction. According to the time-to-fatigue results, our 
study suggests a break time before the first muscle (right deltoid) starts experiencing fatigue which 
was 41.2 minutes after the task started. Depending on the nature of the tasks, sufficient time should 
be allocated for breaks to minimize the risk of muscle fatigue. Studies indicate that in prolonged low 
to medium force activities, muscles need more time to recover and obtain their initial force capacity 
(Kroon & Naeije, 1991; Sjøgaard et al., 1988). Studies have recommended sufficient recovery time to 
avoid myalgic disorders in trapezius muscles during prolonged muscle activation (Henneman et al., 
1965; Rolander et al., 2005). Furthermore, it has been shown that longer breaks can be more effective 
to reduce risk of leg swelling caused by prolonged standing (Hansen et al., 1997).

Other engineering techniques to reduce the risk of muscle fatigue and WMSDs include optimizing 
workstations and equipment by implementing new designs and processes. Jarvholm and et al. 
(1991) studied the effect of arm support on supraspinatus muscle load using intramuscular pressure 
measurement and EMG in nine subjects. They found that an arm support device reduced the muscle 
load in welding task with reduction in pressure of 22% and normalized EMG of 17%. Although 
the muscle force reduction was significant, average muscle pressure was still high. In prolonged 
standing jobs, for example, anti-fatigue floor mats and proper footwear can improve work conditions 
and minimize muscle fatigue in lower-limb muscles (King, 2002). Ergonomic improvements that 
minimize overexertion, the main reason for WMSDs, should be implemented at construction sites 
(Wang et al., 2017).

KEY CONTRIBUTIONS OF THE STUDY

This study was designed to evaluate the capability of a nonlinear data analysis method (RQA) in 
assessing EMG signals during light muscle activation to detect vulnerable muscles and their time-to-
fatigue. To the best of our knowledge, it was the first time that a light muscle activation performed 
for a relatively long duration of time was evaluated using RQA and EMG sensors. In addition, the 
authors believe that for the first time welding tasks were analyzed as light muscle activations utilizing 
a novel method which was in close correlation with subjective results. This study showed that RQA 
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data analysis method can be used in ergonomic studies to evaluate different construction tasks to 
improve work conditions as well as tools and equipment.

FUTURE STUDIES

None of the subjects participated in this study had any previous welding experience. The effect of 
skill level on muscle fatigue should be evaluated in order to identify differences between expert 
and novice welders. This might help novice welders learn how to properly perform welding tasks 
with the least amount of awkward postures and muscle load. Future studies should also evaluate 
muscle activation of subjects during different types of common welding tasks with different welding 
equipment. In addition, the authors believe that it is worthwhile to investigate different durations of 
break time and other engineering techniques and their effect on muscle fatigue. Certain exercises can 
also be incorporated to those break times to help the muscles recover faster and regain their initial 
force capacity. Although the duration of experiment in this study was three hours, as also suggested by 
Santos and et al. (2016) who conducted a systematic review study to show the influence of task design 
on upper limb muscles during low-load repetitive work, future studies should extent the duration of 
the experiments to better represent real work conditions. Finally, recruiting left-hand-dominant and 
female subjects can provide a more comprehensive assessment of muscle fatigue in welding activities.

CONCLUSION

To the best of our knowledge, muscle activation in dynamic and low force contraction, such as welding 
task, has not been previously analyzed using a quantitative evaluation and non-stationary data analysis 
method during a long experimental study. In this study, surface electromyography (sEMG) was used to 
capture the muscle activation of six right-hand-dominant subjects while performing different welding 
tasks for three hours. RQA, as a non-stationary data analysis method, was used to analyze the EMG 
data to detect the determinism percentage (DET%) as an indication of muscle fatigue. In addition, a 
subjective fatigue assessment was conducted to draw comparisons with the DET results. According to 
the DET results, all the tested muscles experienced fatigue by showing significant difference in DET 
values (p-value < 0.05) between the first and last 10 minutes of the experiment, except left and right 
bicep and triceps. For both left and right bicep and triceps, the subjective fatigue score remained zero 
meaning that no fatigue was reported by any of the subjects throughout the experiment. Both RQA 
and subjective fatigue analysis methods were also used to find the time-to-fatigue for the muscles 
which displayed significant difference in DET values between the first and last 10 minutes of the 
experiment. According to the results, right deltoid was the first muscle which experienced fatigue 
with the time-to-fatigue of 41.2 minutes. The results indicated that RQA and subjective fatigue results 
of time-to-fatigue for seven muscle groups were in close correlation. The methodology used in this 
study was shown to be an effective quantitative method to evaluate muscle activation during welding 
activity and to provide real-time feedback about how working condition affects muscle fatigue. This 
feedback can help welders to avoid awkward postures and to minimize the amount of loads applied 
to their muscles. As a result, this can have positive impact on welders’ occupational safety and can 
reduce the risk of WMSDs. The potential of RQA for a low force muscle activation was shown in this 
study. The authors believe that this methodology can be used for ergonomic research to investigate 
different aspects of occupational jobs, especially to identify vulnerable muscles and specific causes 
of WMSDs during different tasks. In addition, it can be utilized to ergonomically optimize tools and 
equipment used for different construction jobs in order to reduce the risk of WMSDs.



International Journal of Applied Industrial Engineering
Volume 8 • Issue 1

13

REFERENCES

Amell, T., & Kumar, S. (2001). Work-related musculoskeletal disorders: Design as a prevention strategy. A 
review. Journal of Occupational Rehabilitation, 11(4), 255–265. doi:10.1023/A:1013344508217 PMID:11826726

Antwi-Afaria, M. F., Li, H., Edwards, D. J., Pärnc, E. A., Seo, J., & Wong, A. Y. L. (2017). Biomechanical 
analysis of risk factors for work-related musculoskeletal disorders during repetitive lifting task in construction 
workers. Automation in Construction, 83, 41–47. doi:10.1016/j.autcon.2017.07.007

Bauer, C. M., Rast, F. M., Ernst, M. J., Meichtry, A., Kool, J., Rissanen, S. M., Suni, J. H., & Kankaanpaa, 
M. (2017). The effect of muscle fatigue and low back pain on lumbar movement variability and complexity. 
Journal of Electromyography and Kinesiology, 33, 94–102. doi:10.1016/j.jelekin.2017.02.003 PMID:28226298

Beauchamp, Y., Marchand, D., Galopin, M., & Goyer, N. (1997). Impact of the use of welding guns equipped 
with a fume extraction nozzle on muscular activation, psychophysical perception, and quality of welded joints. In 
Advances in Occupational Ergonomics and Safety, Proceedings of the XIIth Annual International Occupational 
Ergonomics and Safety Conference. IOS Press.

Borg, G. A. (1982). Psychophysical bases of perceived exertion. Medicine and Science in Sports and Exercise, 
14(5), 377–381. doi:10.1249/00005768-198205000-00012 PMID:7154893

Buckle, P. W., & Devereux, J. J. (2002). The nature of work related neck and upper limb musculoskeletal disorders. 
Applied Ergonomics, 33(3), 207–217. doi:10.1016/S0003-6870(02)00014-5 PMID:12164505

Christensen, H. (1986). Muscle activity and fatigue in the shoulder muscles during repetitive work, An 
electromyographic study. European Journal of Applied Physiology, 54(6), 596–601. doi:10.1007/BF00943347 
PMID:3948856

Clasby, R. G., Derro, D. J., Snelling, L., & Donaldson, S. (2003). The use of surface Electromyographic techniques 
in assessing musculoskeletal disorders in production operations. Applied Psychophysiology and Biofeedback, 
28(2), 161–165. doi:10.1023/A:1023866726696 PMID:12827994

Dennerlein, J. T., Ciriello, V. M., Kerin, K. J., & Johnson, P. W. (2003). Fatigue in the forearm resulting 
from low-level repetitive ulnar deviation. American Industrial Hygiene Association Journal, 64(6), 799–805. 
doi:10.1080/15428110308984875 PMID:14674796

Eckmann, J. P., Kamphorst, S. O., & Ruelle, D. (1987). Recurrence plots of dynamical systems. Europhysics 
Letters, 5(9), 973–977. doi:10.1209/0295-5075/4/9/004

Farina, D. (2006). Interpretation of the surface electromyogram in dynamic contractions. Exercise and Sport 
Sciences Reviews, 34(3), 121–127. doi:10.1249/00003677-200607000-00006 PMID:16829739

Farina, D., Fattorini, L., Felici, F., & Filligoi, G. (2002). Nonlinear surface EMG analysis to detect changes 
of motor unit conduction velocity and synchronization. Journal of Applied Physiology, 93(5), 1753–1763. 
doi:10.1152/japplphysiol.00314.2002 PMID:12381763

Felici, F., Rosponi, A., Sbriccoli, P., Filligoi, G. C., Fattorini, L., & Marchetti, M. (2001). Linear and non-linear 
analysis of surface electromyograms in weightlifters. European Journal of Applied Physiology, 84(4), 337–342. 
doi:10.1007/s004210000364 PMID:11374118

Gazzoni, M. (2010). Multichannel Surface Electromyography in Ergonomics: Potentialities and Limits. Human 
Factors and Ergonomics in Manufacturing & Service Industries, 20(4), 255–271. doi:10.1002/hfm.20219

Halim, I., Omar, A. R., Saman, A. M., & Othman, I. (2012). Assessment of Fatigue Associated with Prolonged 
Standing in the Workplace. Safety and Health at Work, 3(1), 31–42. doi:10.5491/SHAW.2012.3.1.31 
PMID:22953228

Halim, I., Omar, A. R., Saman, A. M., Othman, I., & Ali, M. A. (2012). Analysis of Time-to-Fatigue for Standing 
Jobs in Metal Stamping Industry. Advanced Materials Research, 433–440, 2155–2161.

Hansen, L., Winkel, J., & Jørgensen, K. (1997). Significance of mat and shoe softness during prolonged work in 
upright position: Based on measurements of low back muscle EMG, foot volume changes, discomfort and ground 
force reactions. Applied Ergonomics, 29(3), 217–224. doi:10.1016/S0003-6870(97)00062-8 PMID:9676339

http://dx.doi.org/10.1023/A:1013344508217
http://www.ncbi.nlm.nih.gov/pubmed/11826726
http://dx.doi.org/10.1016/j.autcon.2017.07.007
http://dx.doi.org/10.1016/j.jelekin.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28226298
http://dx.doi.org/10.1249/00005768-198205000-00012
http://www.ncbi.nlm.nih.gov/pubmed/7154893
http://dx.doi.org/10.1016/S0003-6870(02)00014-5
http://www.ncbi.nlm.nih.gov/pubmed/12164505
http://dx.doi.org/10.1007/BF00943347
http://www.ncbi.nlm.nih.gov/pubmed/3948856
http://dx.doi.org/10.1023/A:1023866726696
http://www.ncbi.nlm.nih.gov/pubmed/12827994
http://dx.doi.org/10.1080/15428110308984875
http://www.ncbi.nlm.nih.gov/pubmed/14674796
http://dx.doi.org/10.1209/0295-5075/4/9/004
http://dx.doi.org/10.1249/00003677-200607000-00006
http://www.ncbi.nlm.nih.gov/pubmed/16829739
http://dx.doi.org/10.1152/japplphysiol.00314.2002
http://www.ncbi.nlm.nih.gov/pubmed/12381763
http://dx.doi.org/10.1007/s004210000364
http://www.ncbi.nlm.nih.gov/pubmed/11374118
http://dx.doi.org/10.1002/hfm.20219
http://dx.doi.org/10.5491/SHAW.2012.3.1.31
http://www.ncbi.nlm.nih.gov/pubmed/22953228
http://dx.doi.org/10.1016/S0003-6870(97)00062-8
http://www.ncbi.nlm.nih.gov/pubmed/9676339


International Journal of Applied Industrial Engineering
Volume 8 • Issue 1

14

Hansson, G. A., Balogh, I., Ohlsson, K., Palsson, B., Rylander, L., & Skerfving, S. (2000). Impact of physical 
exposure on neck and upper limb disorders in female workers. Applied Ergonomics, 31(3), 301–310. doi:10.1016/
S0003-6870(99)00047-2 PMID:10855453

Harvey, R., & Peper, E. (1997). Surface electromyography and mouse use position. Ergonomics, 40(8), 781–789. 
doi:10.1080/001401397187775 PMID:9336102

Henneman, E., Somjen, G., & Carpenter, D. O. (1965). Excitability and inhibitability of motoneurons of different 
sizes. Journal of Neurophysiology, 28(3), 599–620. doi:10.1152/jn.1965.28.3.599 PMID:5835487

Herberts, P., Kadefors, R., Andersson, G., & Petersén, I. (1981). Shoulder Pain in Industry: An Epidemiological 
Study on Welders. Acta Orthopaedica Scandinavica, 52(3), 299–306. doi:10.3109/17453678109050107 
PMID:7282323

Hussain, J., Sundaraj, K., Low, Y. F., Lam, C. K., Sundaraj, S., & Ali, M. A. (2018). A systematic review on 
fatigue analysis in triceps brachii using surface electromyography. Biomedical Signal Processing and Control, 
40, 396–414. doi:10.1016/j.bspc.2017.10.008

Ikegawa, S., Shinohara, M., Fukunaga, T., Zbilut, J. P., & Webber, C. L. Jr. (2000). Nonlinear time-course of 
lumbar muscle fatigue using recurrence quantifications. Biological Cybernetics, 82(5), 373–382. doi:10.1007/
s004220050591 PMID:10836583

Jarvholm, U., Palmerud, G., Kadefors, R., & Herberts, P. (1991). The effect of arm support on suprspinatus muscle 
load during simulated assembly work and welding. Ergonomics, 34(1), 57–66. doi:10.1080/00140139108967288 
PMID:2009850

Jensen, B. R., Pilegaard, M., & Sjogaard, G. (2000). Motor unit recruitment and rate coding in response to fatiguing 
shoulder abductions and subsequent recovery. European Journal of Applied Physiology and Occupational 
Physiology, 83(2-3), 190–199. doi:10.1007/s004210000278 PMID:11104060

Kadefors, R., Petersen, I., & Herberts, P. (1976). Muscular Reaction to Welding Work: An Electromyographic 
Investigation. Ergonomics, 19(5), 543–558. doi:10.1080/00140137608931568 PMID:976240

King, P. M. (2002). A comparison of the effects of floor mats and shoe in-soles on standing fatigue. Applied 
Ergonomics, 33(5), 477–484. doi:10.1016/S0003-6870(02)00027-3 PMID:12236657

Kroon, G. W., & Naeije, M. (1991). Recovery of the human biceps electromyogram after heavy eccentric, 
concentric or isometric exercise. European Journal of Applied and Occupational Physiology, 63(6), 444–448. 
doi:10.1007/BF00868076 PMID:1765058

Kvarnstrom, S. (1983). Occurrence of musculoskeletal disorders in a manufacturing industry with special 
attention to occupational shoulder disorders. Scandinavian Journal of Rehabilitation Medicine. Supplement, 8, 
1–114. PMID:6579645

Li, Y., Kankaanpaa, M., Zbilut, J. P., & Webber, C. L. Jr. (2004). EMG recurrence quantifications in dynamic 
exercise. Biological Cybernetics, 90(5), 337–348. doi:10.1007/s00422-004-0474-6 PMID:15221394

Lomond, K. V., & Cote, J. N. (2011). Shoulder functional assessments in persons with chronic neck/shoulder pain 
and healthy subjects: Reliability and effects of movement repetition. Work (Reading, Mass.), 38(2), 169–180. 
doi:10.3233/WOR-2011-1119 PMID:21297287

Lowe, B. D., Wurzelbacher, S. J., Shulman, S. A., & Hudock, S. D. (2001). Electromyographic and discomfort 
analysis of confined-space shipyard welding processes. Applied Ergonomics, 32(3), 255–269. doi:10.1016/
S0003-6870(00)00064-8 PMID:11394466

Madeleine, P., Voigt, M., & Arendt-Nielsen, L. (1998). Subjective, physiological and biomechanical responses to 
prolonged manual work performed standing on hard and soft surfaces. European Journal of Applied Physiology 
and Occupational Physiology, 77, 1–9. PMID:9459514

Marwan, N., Romano, M. C., Thiel, M., & Kurths, J. (2007). Recurrence plots for the analysis of complex 
systems. Physics Reports, 438(5-6), 237–329. doi:10.1016/j.physrep.2006.11.001

Milerad, E. L., Ericson, M. O., Nisell, R., & Kilbom, A. (1991). An electromyographic study of dental work. 
Ergonomics, 34(7), 953–962. doi:10.1080/00140139108964837 PMID:1915256

http://dx.doi.org/10.1016/S0003-6870(99)00047-2
http://dx.doi.org/10.1016/S0003-6870(99)00047-2
http://www.ncbi.nlm.nih.gov/pubmed/10855453
http://dx.doi.org/10.1080/001401397187775
http://www.ncbi.nlm.nih.gov/pubmed/9336102
http://dx.doi.org/10.1152/jn.1965.28.3.599
http://www.ncbi.nlm.nih.gov/pubmed/5835487
http://dx.doi.org/10.3109/17453678109050107
http://www.ncbi.nlm.nih.gov/pubmed/7282323
http://dx.doi.org/10.1016/j.bspc.2017.10.008
http://dx.doi.org/10.1007/s004220050591
http://dx.doi.org/10.1007/s004220050591
http://www.ncbi.nlm.nih.gov/pubmed/10836583
http://dx.doi.org/10.1080/00140139108967288
http://www.ncbi.nlm.nih.gov/pubmed/2009850
http://dx.doi.org/10.1007/s004210000278
http://www.ncbi.nlm.nih.gov/pubmed/11104060
http://dx.doi.org/10.1080/00140137608931568
http://www.ncbi.nlm.nih.gov/pubmed/976240
http://dx.doi.org/10.1016/S0003-6870(02)00027-3
http://www.ncbi.nlm.nih.gov/pubmed/12236657
http://dx.doi.org/10.1007/BF00868076
http://www.ncbi.nlm.nih.gov/pubmed/1765058
http://www.ncbi.nlm.nih.gov/pubmed/6579645
http://dx.doi.org/10.1007/s00422-004-0474-6
http://www.ncbi.nlm.nih.gov/pubmed/15221394
http://dx.doi.org/10.3233/WOR-2011-1119
http://www.ncbi.nlm.nih.gov/pubmed/21297287
http://dx.doi.org/10.1016/S0003-6870(00)00064-8
http://dx.doi.org/10.1016/S0003-6870(00)00064-8
http://www.ncbi.nlm.nih.gov/pubmed/11394466
http://www.ncbi.nlm.nih.gov/pubmed/9459514
http://dx.doi.org/10.1016/j.physrep.2006.11.001
http://dx.doi.org/10.1080/00140139108964837
http://www.ncbi.nlm.nih.gov/pubmed/1915256


International Journal of Applied Industrial Engineering
Volume 8 • Issue 1

15

Mindlin, G. M., & Gilmore, R. (1992). Topological analysis and synthesis of chaotic time series. Physica D. 
Nonlinear Phenomena, 58(1-4), 229–242. doi:10.1016/0167-2789(92)90111-Y

Muggleton, J. M., Allen, R., & Chappell, P. H. (1999). Hand and arm injuries associated with repetitive manual 
work in industry: A review of disorders, risk factors and preventive measures. Ergonomics, 42(5), 714–739. 
doi:10.1080/001401399185405 PMID:10327893

Nussbaum, M. A., Clark, L. L., Lanza, M. A., & Rice, K. M. (2001). Fatigue and endurance limits 
during intermittent overhead work. American Industrial Hygiene Association Journal, 62(4), 446–456. 
doi:10.1080/15298660108984646 PMID:11549138

Oldham, J. A., Schofield, S., Callaghan, M. J., & Winstanley, J. (2000). An investigation of the validity of 
“simulated” work related tasks in relation to “real-life” situations in the fire service training environment. 
Occupational Medicine (Oxford, England), 50(8), 599–607. doi:10.1093/occmed/50.8.599 PMID:11220031

Panahi, A. K., & Cho, S. (2016). Prediction of Muscle Fatigue during Minimally Invasive Surgery Using 
Recurrence Quantification Analysis. Minimally Invasive Surgery.

Peppoloni, L., Filippeschi, A., Ruffaldi, E., & Avizzano, C. A. (2016). (WMSDs issue) A novel wearable system 
for the online assessment of risk for biomechanical load in repetitive efforts. International Journal of Industrial 
Ergonomics, 52, 1–11. doi:10.1016/j.ergon.2015.07.002

Rogers, D. R., & MacIsaac, D. T. (2011). EMG-based muscle fatigue assessment during dynamic contractions 
using principal component analysis. Journal of Electromyography and Kinesiology, 21(5), 811–818. doi:10.1016/j.
jelekin.2011.05.002 PMID:21669539

Rolander, B. O., Jonker, D., Karsznia, A., & Berg, T. O. (2005). Evaluation of muscular activity, local 
muscular fatigue, and muscular rest patterns among dentists. Acta Odontologica Scandinavica, 63(4), 189–195. 
doi:10.1080/00016350510019964 PMID:16040440

Santos, J., Baptista, J. S., Monteiro, P. R. R., Miguel, A. S., Santos, R., & Vaz, M. A. P. (2016). The influence of 
task design on upper limb muscles fatigue during low-load repetitive work: A systematic review. International 
Journal of Industrial Ergonomics, 52, 78–91. doi:10.1016/j.ergon.2015.09.010

Santy, , & Dawal, , S.Z. (2010). Investigation on Time to Fatigue for Upper Limb Muscle during a Repetitive Light 
Assembly Task. Proceedings of the International Multi-Conference of Engineering and Computer Scientists, 3.

Schneider, S. P. (2001). Musculoskeletal injuries in construction: A review of the literature. Applied Occupational 
and Environmental Hygiene, 16(11), 1056–1064. doi:10.1080/104732201753214161 PMID:11757902

Sjøgaard, G., Savard, G., & Juel, C. (1988). Muscle blood flow during isometric activity and its relation to 
muscle fatigue. European Journal Applied and Occupational Physiology, 57, 327–335. doi:10.1007/BF00635992 
PMID:3371342

Sporrong, H., Sandsjo, L., Kadefors, R., & Herberts, P. (1999). Assessment of workload and arm position during 
different work sequences: A study with portable devices on construction workers. Applied Ergonomics, 30(6), 
495–503. doi:10.1016/S0003-6870(99)00016-2 PMID:10693829

Stattin, M., & Järvholm, S. (2005). Occupation, work environment, and disability pension: A prospective study 
of construction workers. Scandinavian Journal of Public Health, 33(2), 84–90. doi:10.1080/14034940410019208 
PMID:15823968

Thomsen, J. F., Hansson, G. A., Mikkelsen, S., & Lauritzen, M. (2002). Carpal tunnel syndrome in repetitive 
work: A follow-up study. American Journal of Industrial Medicine, 42(4), 344–353. doi:10.1002/ajim.10115 
PMID:12271482

Torner, M., Zetterberg, C., Anden, U., Hanson, T., & Lindell, V. (1991). Workload and musculoskeletal problems: A 
comparison between welders and office clerks. Ergonomics, 34(9), 1179–1196. doi:10.1080/00140139108964854 
PMID:1743177

Uhrich, M. L., Underwood, R. A., Standeven, J. W., Soper, N. J., & Engsberg, J. R. (2002). Assessment of fatigue, 
monitor placement, and surgical experience during simulated laparoscopic surgery. Surgical Endoscopy, 16(4), 
635–639. doi:10.1007/s00464-001-8151-5 PMID:11972204

http://dx.doi.org/10.1016/0167-2789(92)90111-Y
http://dx.doi.org/10.1080/001401399185405
http://www.ncbi.nlm.nih.gov/pubmed/10327893
http://dx.doi.org/10.1080/15298660108984646
http://www.ncbi.nlm.nih.gov/pubmed/11549138
http://dx.doi.org/10.1093/occmed/50.8.599
http://www.ncbi.nlm.nih.gov/pubmed/11220031
http://dx.doi.org/10.1016/j.ergon.2015.07.002
http://dx.doi.org/10.1016/j.jelekin.2011.05.002
http://dx.doi.org/10.1016/j.jelekin.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21669539
http://dx.doi.org/10.1080/00016350510019964
http://www.ncbi.nlm.nih.gov/pubmed/16040440
http://dx.doi.org/10.1016/j.ergon.2015.09.010
http://dx.doi.org/10.1080/104732201753214161
http://www.ncbi.nlm.nih.gov/pubmed/11757902
http://dx.doi.org/10.1007/BF00635992
http://www.ncbi.nlm.nih.gov/pubmed/3371342
http://dx.doi.org/10.1016/S0003-6870(99)00016-2
http://www.ncbi.nlm.nih.gov/pubmed/10693829
http://dx.doi.org/10.1080/14034940410019208
http://www.ncbi.nlm.nih.gov/pubmed/15823968
http://dx.doi.org/10.1002/ajim.10115
http://www.ncbi.nlm.nih.gov/pubmed/12271482
http://dx.doi.org/10.1080/00140139108964854
http://www.ncbi.nlm.nih.gov/pubmed/1743177
http://dx.doi.org/10.1007/s00464-001-8151-5
http://www.ncbi.nlm.nih.gov/pubmed/11972204


International Journal of Applied Industrial Engineering
Volume 8 • Issue 1

16

Ali Keshavarz Panahi is currently a faculty member at Nova Southeastern University. He received his PhD degree in 
Engineering Science from Southern Illinois University. His research focuses on muscle fatigue analysis in dynamic 
muscle activation using Recurrence Quantification Analysis (RQA).

Sohyung Cho is a Professor of Industrial and Manufacturing Engineering at Southern Illinois University Edwardsville. 
He received his PhD degree in Industrial and Manufacturing Engineering from the Pennsylvania State University. 
His research focuses on the analysis of surgical motions and ergonomic risks in minimally invasive surgery, robotics 
and the application of machine learning and data mining techniques for biomedical research.

Chris Gordon is a Professor at Southern Illinois University Edwardsville, where he serves as Associate Dean 
of the School of Engineering and co-director of the Construction Leadership Institute. In his research, Gordon 
investigates engineering education and innovation in the construction industry. Gordon earned a Ph.D. in Civil and 
Environmental Engineering at Carnegie Mellon University and both a B.S. and an M.S. in Civil and Environmental 
Engineering at Stanford University.

Valero, E., Sivanathan, A., Bosché, F., & Abdel-Wahab, M. (2017). Analysis of construction trade worker 
body motions using a wearable and wireless motion sensor network. Automation in Construction, 83, 48–55. 
doi:10.1016/j.autcon.2017.08.001

Walker-Bone, K., & Cooper, C. (2005). Hard work never hurt anyone: Or did it? A review of occupational 
associations with soft tissue musculoskeletal disorders of the neck and upper limb. Annals of the Rheumatic 
Diseases, 64(10), 1391–1396. doi:10.1136/ard.2003.020016 PMID:16162900

Wang, X., Dong, X. S., Choi, S. D., & Dement, J. (2017). Work-related musculoskeletal disorders among 
construction workers in the United States from 1992 to 2014. Occupational and Environmental Medicine, 74(5), 
374–380. doi:10.1136/oemed-2016-103943 PMID:28039200

Zander, J. E., King, P. M., & Ezenwa, B. N. (2004). Influence of flooring conditions on lower leg volume 
following prolonged standing. International Journal of Industrial Ergonomics, 34(4), 279–288. doi:10.1016/j.
ergon.2004.04.014

Zbilut, J. P., & Webber, C. L. Jr. (1992). Embeddings and delays as derived from quantification of recurrence 
plots. Physics Letters. [Part A], 171(3-4), 199–203. doi:10.1016/0375-9601(92)90426-M

http://dx.doi.org/10.1016/j.autcon.2017.08.001
http://dx.doi.org/10.1136/ard.2003.020016
http://www.ncbi.nlm.nih.gov/pubmed/16162900
http://dx.doi.org/10.1136/oemed-2016-103943
http://www.ncbi.nlm.nih.gov/pubmed/28039200
http://dx.doi.org/10.1016/j.ergon.2004.04.014
http://dx.doi.org/10.1016/j.ergon.2004.04.014
http://dx.doi.org/10.1016/0375-9601(92)90426-M

