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Abstract: About 40% of the US construction workforce experiences high-level fatigue, which leads
to poor judgment, increased risk of injuries, a decrease in productivity, and a lower quality of work.
Therefore, it is essential to monitor fatigue to reduce its adverse effects and prevent long-term
health problems. However, since fatigue demonstrates itself in several complex processes, there
is no single standard measurement method for fatigue detection. This study aims to develop a
system for continuous workers’ fatigue monitoring by predicting the aerobic fatigue threshold (AFT)
using forearm muscle activity and motion data. The proposed system consists of five modules:
Data acquisition, activity recognition, oxygen uptake prediction, maximum aerobic capacity (MAC)
estimation, and continuous AFT monitoring. The proposed system was evaluated on the participants
performing fourteen scaffold-building activities. The results show that the AFT features have achieved
a higher accuracy of 92.31% in assessing the workers’ fatigue level compared to heart rate (51.28%) and
percentage heart rate reserve (50.43%) features. Moreover, the overall performance of the proposed
system on unseen data using average two-min AFT features was 76.74%. The study validates the
feasibility of using forearm muscle activity and motion data to workers’ fatigue levels continuously.

Keywords: fatigue monitoring; construction labor shortage; muscle activity; activity recognition;
oxygen prediction; wearable sensor; aerobic fatigue threshold; scaffold building; work-related
musculoskeletal disorders

1. Introduction

The construction industry is one of the leading industries in the world, which spends
$10 trillion on construction-related goods and services annually [1]. However, the construc-
tion industry faces a massive workforce shortage of skilled craft workers [2]. More than
eight out of ten construction firms report having a hard time finding qualified workers. One
of the significant causes of workforce shortage is the premature retirement of skilled craft
workers due to safety and health issues. Due to a lack of proper safety training and moni-
toring systems, the construction workforce is exposed to fatal and non-fatal injuries such
as Work-related Musculoskeletal Disorders (WMSDs). According to the report released
by the International Labor Organization (ILO) in 2015, it was estimated that there are at
least 60,000 construction-related fatalities all over the world each year [3]. Similarly, in the
United States, 971 (18.9%) out of 5147 fatal injuries occurred in the construction industry in
2017, based on occupational injury reports released by the Bureau of Labor Statistics [4].
In addition, the estimated non-fatal injury rate in the construction industry was 5.3 cases
per 10,000 full-time workers in 2018 [5]. According to the 2018 Liberty Mutual Workplace
Safety Index, businesses spent more than one billion dollars per week for non-fatal severe
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workplace injuries. The high rate of non-fatal injuries in the construction industry is mainly
due to WMSDs. WMSDs are among construction workers” most prevalent occupational
health problems due to highly labor-intensive construction tasks.

The construction industry often involves highly labor-intensive and repetitive tasks,
which results in worker physical fatigue. About 40% of the US construction workforce ex-
periences high-level fatigue, leading to poor judgment, increased risk of injuries, decreased
productivity, and a lower quality of work [6,7]. Further, excessive fatigue due to working in
unpleasant conditions, long working hours, and heavy workloads can aggravate fatigue’s
adverse effects and lead to WMSDs and productivity loss. Moreover, fatigue has been
shown to result in impairing physical and cognitive functions [8] and identified as a possi-
ble risk factor for slip-induced falls, which is one of the “fatal four” causes of fatalities in
the construction industry, according to Occupational Safety and Health Administration [9].

A significant number of craft workers (20% to 40%) routinely exceed generally accepted
physiological thresholds for manual work shifts [6]. Physical fatigue and impaired mental
capacity lead to a high risk of accidents in any environmental condition [10] and affects
workers’ safety performance [11]. Since physical fatigue is a predominant risk factor for
injuries and illnesses in the construction industry, it is essential to monitor fatigue to
reduce its adverse effects and prevent long-term health problems. However, since fatigue
demonstrates itself in several complex processes, there is no single standard measurement
method for fatigue detection. For example, if a specific physiological function is altered, it
only reflects the body’s adaptive behavior instead of the level of fatigue [12,13].

Moreover, overall physical fatigue is a result of the interaction between local (muscular
fatigue) and central factors (such as metabolic, cardiovascular, and thermoregulatory) [14].
Therefore, fatigue quantification typically involves a combination of kinematic and kinetic
measurements, often supplemented or substituted by physiological (body temperature,
heart rate, or muscle activity) and subjective measures (perceived exertion or discomfort).
Physical fatigue is always associated with a high workload as physical demand. The
evaluation of measured workloads involves two phases: assessment and evaluation. The
assessment phases involve measuring physiological response to work as a measure of
physical demand. The evaluation phase involves determining whether a task’s physical
demand (workload) is excessive and workers performing the task may suffer from physical
fatigue. The physical demand evaluation techniques include the classification of work
severity based on recommendations for oxygen uptake, energy expenditure, and heart rate
and the evaluation of physical fatigue based on aerobic fatigue threshold, absolute energy
expenditure, and heart rate limits [6].

Even though there is no gold standard for fatigue measurement, several subjective and
objective techniques are adapted for occupational use. The subjective evaluation of fatigue
involves workers’ feedback to the questionnaire, and several construction studies used
various fixed sets of questions and feedback scales related to fatigue [11,15-21]. However,
subjective assessments rely on workers’ internal perceptions, previous experiences and
interrupt the ongoing work. Furthermore, most of these measurement techniques are
cumbersome and impractical on construction sites, emphasizing the need for a continuous
fatigue monitoring system with minimal obstruction to construction tasks [10,22].

With advancements in wearable sensing technology, a few researchers have devel-
oped objective techniques using physiological sensors to assess the workers” overall
physical fatigue by monitoring the physiological responses of the worker to physical
demand [10,13,22,23]. In recent studies, Jebelli, Choi and Lee [22] have recognized physical
demand during on-site work by training the machine learning model on workers” pho-
toplethysmogram (PPG), electrodermal activity (EDA), and skin temperature (ST) with
an energy expenditure of the task, which was determined using the Energy Expenditure
Prediction Program (EEPP). Aryal, Ghahramani and Becerik-Gerber [10] used skin temper-
ature and heart rate for fatigue detection based on workers’ ratings of perceived exertion.
Hwang and Lee [13] used heart rate reserve (%HRR) as a metric to distinguish different
levels of physical demand. Maman, et al. [24] have estimated the RPE fatigue level of



Sensors 2022, 22,9729

30f22

an individual performing assembly, manual material handling, and supply pick-up tasks
using four inertial measurement units (IMU) attached to the human body. Even though
these studies have established the potential of physiological responses to determine the
worker’s physical demand for a long duration, they still have limitations, such as being
unable to identify the physical demand of individuals with different characteristics (such
as work experience, work conditions, age, and health status), previous studies are limited
to classifying individual physical demand based on work severity, not capable of continu-
ous workers’ fatigue level monitoring for multiple tasks performed in short intervals, the
measurements such as heart rate, skin temperature, and electrodermal activity are highly
influenced by external factors, which may not yield reliable results on construction sites,
and an inability to determine direct impacts of fatigue on construction activities. Moreover,
the previous studies focused on work severity classification rather than determining the
workers’ real-time physical fatigue.

To overcome these challenges or limitations, this study proposes an automated contin-
uous workers’ fatigue monitoring system by measuring aerobic fatigue threshold (AFT)
using forearm muscle activity and kinematic data for an activity. The aerobic fatigue
threshold has been for the proposed system because AFT is activity-dependent, which is
appropriate for construction. Unlike heart rate, electrodermal activity, and skin temper-
ature, which are highly influenced by external factors, the forearm muscle activity, and
kinematic data are activity specific. Since the proposed system is workers’ activity-centric,
it is highly suitable for construction workers’ fatigue monitoring as they are involved in
various labor-intensive tasks throughout the day.

2. Literature Review
2.1. Definition and Causes of Fatigue

Fatigue is a declination of a person’s ability to maintain a normal level of performance
and impaired mental alertness [25]. In general, fatigue is defined as a state of feeling tired,
sleepy, or weary and results from loss of sleep, an extended period of anxiety, exposure to
an adverse environment, and prolonged physical and mental work. The unidimensional
fatigue characterization usually describes it as mental and physical fatigue [26]. Mental
fatigue results in a decrease in cognitive and behavioral performance, whereas physical
fatigue leads to a decline in the capacity to perform physical activity [27]. Fatigue is
a complex phenomenon caused by various factors in the workplace and outside of the
workplace. Outside the workplace, the lack of restorative sleep is the most common cause
of fatigue. Whereas in the workplace, fatigue is caused due to excess physical and mental
workload. The workload refers to the work assigned to a worker, categorized into a
physical load, a metal load, and an environmental load [28]. The fatigue might be due to an
individual factor or a combination of interrelated factors. Figure 1 shows the work-related
causes of fatigue [29]. Moreover, physical fatigue is identified as localized muscular fatigue
and overall physical fatigue. Compared to localized muscular fatigue, overall physical
fatigue is challenging to quantify as it is caused by the interactions between local (muscular)
and central (metabolic, thermoregulatory, cardiovascular, etc.) factors.

Work-related Causes of Fatigue
[

|

l

Mental Load Environmental Load
Physical Load
Irregular Work Hours Temperature
Forceful Exertion
Job Demands Noise
Awkward Posture
Job Stress Light Level
Static Load
Coworker Relationship Vibration
Repetitive Movement
Decision Autonomy Humidity

Figure 1. Work-related causes of physical fatigue.
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2.2. Current Approaches for Fatigue Measurement

Since the human body demonstrates physical fatigue in several ways, there exist
numerous ways to measure fatigue [30]. However, these methods are limited in application
since they are developed for specific contexts and purposes [31]. The fatigue measurement
methods adopted for occupational use can be broadly classified into subjective and objective
assessment techniques (Figure 2).

Physical Fatigue Measurement Methods

|

Subjective Assessment Objective Assessment
Physiological Signals Kinematic Data
Heart rate, Energy Expenditure, Motion Smoothness Metrics
Oxygen Consumption, and EMG Such as Jerk and Number of
activity Peaks in Velocity Profile

Figure 2. Physical fatigue measurement methods.

Early attempts at measuring fatigue involve subjective assessment using a fixed
questionnaire related to physical and mental fatigue [32,33]. Several studies in construction
used different questionnaires and subjective feedback scales to quantify fatigue involved in
construction activities [11,20,21,31,34]. Fang, Jiang, Zhang and Wang [11] have developed
an experimental method to understand the effect of fatigue on construction workers’
safety performance where the authors used the Fatigue Assessment Scale for Construction
Workers (FASCW) developed by Zhang, Sparer, Murphy, Dennerlein, Fang, Katz and
Caban-Martinez [31] to determine the fatigue level. The experimental study has concluded
that above fatigue level 20, there was a linear relationship between workers’ fatigue and
error rate (a measure of safety performance). Mitropoulos and Memarian [20] used the
NASA Task load index (TLX) rating scale to determine the task demands in masonry work,
where NASA TLX measures mental load, physical load, temporal load, and performance
of the worker in a particular task. Measuring the TLX index facilitated the determination
of various factors, such as task features, supervisor practices, and work conditions, which
yield high task demands [20]. Chan, Yi, Wong, Yam and Chan [21] used the Physiological
Strain Index (PSI) to determine the recovery time after the fatigue state, which was identified
by the ratings of perceived exertion (RPE) using the Borg CR10 Scale. Yi, Chan, Wang
and Wang [34] developed an early-warning system to monitor workers’ heat-strain levels
when working in a hot and humid environment using subjective index perception rating of
perceived exertion (RPE) and artificial neural network (ANN). The ANN-based prediction
model in the early-warning system uses wet bulb globe temperature (WBGT), age, BMI,
job nature, work duration, alcohol drinking habit, and smoking habit as input features to
predict RPE to monitor workers” heat-strain level. However, subjective fatigue assessment
has two significant limitations for the field. First, the feedback assessment is strongly biased
due to the workers’ internal perceptions, ethics, and socioeconomic backgrounds [31].
Second, the subjective feedback collection on construction sites by stopping the worker
while performing a task is cumbersome and not practical.

The objective measurement of overall physical fatigue involves quantifying workers’
physiological processes and kinematic data. The physiological processes involve heart rate,
energy consumption, oxygen consumption, and EMG activity, whereas the kinematic data
includes the body motion data collected using motion capture systems such as kinetic cam-
era and inertial measurement unit sensors (IMUs). Optoelectrical measurement systems are
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considered the gold standard for body motion analysis within a research setting. However,
due to the high cost, large installation spaces, and extensive post-processing of optoelectri-
cal measurement systems, IMU sensors are widely used for full-body motion data collection.
The IMUs are non-intrusive wearable sensors integrated with accelerometers, gyroscopes,
and magnetometers to measure the body segments” acceleration, orientation, and velocity.
IMUs are used for overall physical fatigue detection by monitoring the reduction of motor
control [35]. Motor performance and control are assessed using the motion smoothness met-
rics such as the ratio between the maximum and the mean velocity during the movement,
the number of peaks in the velocity profile, and jerk derived from kinematic data [36,37].
Jerk is the first derivative of acceleration used to determine motor control and motion
smoothness. Van Dieén, et al. [38] investigated that jerk at various joints, such as the ankle,
hip, knee, and lumbosacral joint, is increased due to fatigue during the repetitive lifting of
a barbell. Maman, Yazdi, Cavuoto and Megahed [24] developed logistic and MLR-based
physical fatigue detection models using features that included wrist and hip jerks during
simulated manufacturing tasks. The features from the sensor data are extracted using the
Least Absolute Shrinkage and Selection Operator (LASSO). The study reported that the
accelerometer located at the hip and wrist are strong predictors of physical fatigue than
heart rate features. Zhang, Diraneyya, Ryu, Haas and Abdel-Rahman [35] investigated the
feasibility of using jerk as the metric to detect physical fatigue in repetitive bricklaying
activity. The results indicate that the jerk values obtained from the upper arms and pelvis
are significant compared to the values from the hands and forearms. However, the motion
smoothness metrics, such as the jerk values, are task-dependent and highly influenced by
the worker’s repeated shocks, impacts, and skill level.

Harnessing the workers’ physiological processes, such as oxygen consumption, heart
rate, skin temperature, muscle engagement, and blood pressure, determines physical work-
load or fatigue level [6,23,39-41]. Measuring the physiological workload can assess the level
of physical fatigue. The physiological workload can be determined by measuring oxygen
uptake while performing work. With advancements in wearable sensing technologies and
machine learning, the oxygen uptake or VO, can be estimated using sensor data such as
heart rate and IMU. According to NIOSH recommendation, the average oxygen uptake
during an eight hour workday should not exceed 33% of activity-specific maximum aerobic
capacity [42-44]. Abdelhamid and Everett [6] reported that 20-40% of craft workers exceed
physiological thresholds daily by measuring the workers’ oxygen uptake and heart rate.

Most construction studies focused on measuring workload and work severity classi-
fication based on physiological responses [6,23,45,46]. Abdelhamid and Everett [6] used
oxygen uptake and heart rate to determine the physical demands required for different
construction activities. Wong del, Chung, Chan, Wong and Yi [45] proved that the energy
required to perform bar fixing tasks was more than bar bending tasks in a hot and humid
environment. Chan, Yi, Wong, Yam and Chan [21] determined the optimal recovery time
for rebar workers after working to exhaustion in a hot and humid environment using blood
pressure, heart rate, and subjective rating fatigue. However, heart rate alone is insufficient
for monitoring fatigue. This is because heart rate is influenced by various physiological
and behavioral factors such as cigarette smoking, mentally stressful situation, alcohol
consumption, and energy drinks intake [47]. To address this issue, Aryal, Ghahramani and
Becerik-Gerber [10] used heart rate in combination with human body thermoregulatory
changes to monitor fatigue in construction workers. Hwang and Lee [13] showed the
potential of using a wristwatch-based heart rate sensor to determine the levels of phys-
ical demands by measuring heart rate variability metrics. Maman, Yazdi, Cavuoto and
Megahed [24] used jerk as a metric to derive from IMU sensors placed at the ankle, wrist,
hip, and torso to detect physical fatigue. The study presents logistic regression models
trained on the rating of perceived exertion. Jebelli, Choi and Lee [22] used PPG, EDA, and
ST physiological signals of the worker in association with energy expenditure to determine
the workers’ physical demands. The energy expenditure of the task was determined using
the energy-expenditure prediction program (EEPP). However, several limitations exist in
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the current objective measurement systems for fatigue monitoring, such as the individual
variability was not considered in the models, not applicable in a case where several tasks
were performed in a short time, and most studies considered a subjective measurement
of fatigue.

3. Proposed Fatigue Monitoring Framework

Figure 3 shows the proposed fatigue monitoring framework using forearm-based EMG
and IMU data. The proposed system predicts the workers’ fatigue level by monitoring the
aerobic fatigue threshold (AFT), which is the ratio of the average oxygen consumption to
the activity-specific maximum aerobic capacity (MAC) value, as shown in Equation (1).
The oxygen consumption and workers’ activity were predicted using forearm EMG and
IMU data. Once the activity was recognized, the corresponding MAC value was obtained
from the database to monitor AFT continuously. The proposed system can identify the
activities and oxygen uptake every second. However, to predict the workers’ fatigue level,
authors have considered the average AFT over five minutes. The predicted AFT using
forearm EMG and IMU data was further validated using the data from metabolic analyzer
and heart rate sensor. The proposed framework is highly suitable for the construction
domain because it uses one single armband for data acquisition and uses the AFT metric,
which is activity-dependent. Moreover, physiological signals such as EMG and IMU are
activity-dependent and help in recognizing complex activities performed in a short interval

of time. A VO
. . - verage VO,
Aerobic Fatigue Threshold = Activity Specific MAC @)

Activity Recognition Maximum Aerobic

Capacity (MAC or VO, max)
g Ki ﬂ E Fatigue Monitoring

Construction Activity Recognition Construction Activity-Specific MAC
Model using EMG and IMU Forearm Estimation Models using (S P .

Data from Worker Submaximal Exercise Methods N . ’ o

Figure 3. Proposed fatigue monitoring framework.

As shown in Figure 3, the proposed framework consists of six steps: (i) Data acquisition
and preprocessing, (ii) activity recognition, (iii) oxygen uptake predictions, (iv) construction
activity-specific MAC value, (v) continuous measurement of AFT, and (vi) workers’ fatigue
monitoring. All these six steps were integrated to develop a real-time fatigue monitoring
system. Each of these steps is discussed in detail in the following subsections.

3.1. Data Acquisition and Preprocessing

In the proposed framework, three wearable devices were used, namely Myo armband
(EMG and IMU), metabolic analyzer, and heart rate monitor. The armband data was
used to predict workers’ activities and AFT. However, the metabolic analyzer data was
used as ground truth to develop the oxygen prediction model and heart rate for system
validation. Since the data acquired from three devices were at different frequencies, data
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were preprocessed before feeding into the model. Later, the actual oxygen uptake and
heart rate measured using a VO, analyzer and Tickr heart rate monitor were at 1 Hz
frequency, 289 statistical features were extracted from EMG and IMU raw data for every 1's
window. Since not all features add value to the model, only a few features were selected
using feature selection techniques. For the activity classification, the top 100 features were
selected using the SelectKBest with the ANOVA F-value function. However, for the oxygen
uptake prediction, the features with Pearson’s correlation and mutual information greater
than 0.1 were selected, there were 69 such features. Later, the selected EMG and IMU feature
data was synchronized with VO, (mL/kg/min), HR (bpm), and activity labels at 1 Hz
frequency for ground truth. Finally, the data was normalized and standardized for oxygen
uptake prediction and activity recognition models, respectively. After preprocessing, the
ten participants” data consisted of 48,515 samples. The input data was transformed into
3D shapes [100, 100, 14] and [48515, 100, 69] for activity recognition models and oxygen
uptake prediction, respectively.

3.2. BiLSTM-Based Activity Recognition and Oxygen Uptake

This study proposes bidirectional long-short-term memory (BiLSTM)-based recurrent
neural network for activity recognition and oxygen uptake prediction. The overall archi-
tecture of the proposed BiLSTM models is shown in Figure 4. The activity recognition
and oxygen uptake prediction models consist of two BiLSTM layers, dropout layers and
dense layers. Additionally, the Softmax activation function was used in the last layer of the
activity recognition model. The categorical cross-entropy and MSE loss functions were used
for training the classification and regression models. The models were trained using the
ten participants’ data collected while performing fourteen scaffold-building activities. The
leave-one-subject-out cross-validation (LOSO CV) was used to evaluate the performance of
both models.

Activity

Raw IMU (2.3, 3) and (g, &,. 8)

e -
bl L
R

Lianaad L]

Raw 8-Channel FMG Data

Feature Extraction

Classification

v
Dense
Layers
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=
o
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A
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©
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Oxygen Prediction

BiLSTM Layer
Dropout
Layer
|

R

Dense
Layers
Dropout
Layer
Dense
Layers

Continuous VO,
Prediction

Figure 4. The overall architecture of the proposed BiLSTM model for activity recognition and oxygen
prediction.

3.3. Construction Activity—Specific Maximum Aerobic Capacity (MAC)

In this study, authors have determined the construction activity-specific MAC value
using a submaximal experiment protocol. The MAC value for four construction activities
was determined by conducting submaximal experiments on ten participants. The MAC
values of the four activities are shown in Table 1. For simplicity, the fourteen construction
activities fall into one of these categories. For example, the carrying scaffold, crossbars,
guardrail, and baseboard use the MAC value of carrying activity.

3.4. Aerobic Fatigue Threshold and Fatigue Monitoring

According to the National Institute of Safety and Health (NIOSH), the average oxygen
during an eight hours workday is recommended to be no more than 33% VOopax. In other
terms, the AFT value cannot exceed 33%. The forearm EMG and IMU data, activity recogni-
tion model, oxygen consumption model, and MAC values help continuously monitor AFT
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at a one-second level. Since the fatigue level rating was collected every five minutes, the
average AFT was calculated every five minutes. Using the proposed system, the workers’
fatigue level can be assessed either by monitoring the AFT over the period or use of AFT
variable to classify into one of the fatigue levels (i.e., None, Low, Moderate, High, and Very
High—Fatigue).

Table 1. MAC values for different construction activities.

Activities MAC (L/min) Scaffold Activities
Walking 2.946 WALK
Carrying 2.552 CPSF, CLJ, CC, CDB, CG
Lifting 2.816 IBDL
Combined 2.304 IALJ, IC, HAM, WRE, DG, IG, GUDVL

4. System Feasibility Validation and Performance Evaluation

In order to test the feasibility of using AFT for assessing the fatigue level and for
evaluating the performance of the automated fatigue monitoring system, collected oxy-
gen uptake (VO,), heart rate (HR), and forearm inertial measurement unit (IMU) and
electromyography (EMG) data from ten participants while performing simulated scaffold
building activities.

4.1. Case Study of Scaffold Builder Activities

To evaluate the proposed fatigue monitoring framework, authors have considered one of
the highly labor-intensive and repetitive construction activities, i.e., scaffold building. The
scaffold-building activities involve complex body motions (free motion, repetitive motion,
and impulsive motion) and different body parts (wrist, upper body, forearm, lower body,
and whole body), which are commonly observed in various construction activities [48,49].
By observing the scaffold-building activities on construction sites, this study has considered
fourteen scaffold-building activities, as shown in Table 2. The activities involve carrying,
lifting, and installing various scaffold-related objects, such as scaffold frames, leveling jacks,
guardrails, baseboards, and crossbars, which vary in weight and size. Other activities include
walking, going up/down vertical ladders, hammering, and wrenching.

4.2. Experiment Setup
4.2.1. Participants

Ten male active college students participated in this study (27 + 1.70 years,
171.7 £ 4.13 cm, 76.70 £ 8.25 kg). All the participants were right-handed, non-smokers,
and had no musculoskeletal disorders. Moreover, the activity level of the participants was
moderate to vigorous. None of the participants had prior scaffold-building experience, but
all the activities were demonstrated before the start of the experiment. After explaining
the objective of the study and experiment procedures, written consent was obtained from
the participants before starting the experiment. The experiment protocol consistent with
the Declaration of Helsinki was reviewed and approved by the Institutional Review Board
(IRB) at Louisiana State University (ID: IRBAM-20-0539).

4.2.2. Measurements

To test the feasibility and performance of the proposed workers’ fatigue monitoring
framework, three wearable sensors were used to collect the forearm IMU and EMG, oxygen
uptake, and heart rate data while performing simulated scaffold-building activities. The
forearm motion and muscle activity data were collected using the Myo armband developed
by Thalmic Lab Inc., which captures IMU and EMG data at frequencies of 50 and 200 Hz [48].
The armband consists of 8-EMG electrodes and a nine-axis IMU sensor. A second-by-second
oxygen uptake was measured using a portable metabolic analyzer, the VO, Master Analyzer
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(VO, Master Health Sensor Inc., Vernon, British Columbia, CA). Figure 5 shows the Myo
armband and portable metabolic analyzer. In addition, the participant’s heart rate was
recorded at a frequency of 1 Hz using a chest-strapped Wahoo Tickr heart rate monitor
(Wahoo Fitness, Atlanta, GA, USA). Additionally, a rating of fatigue scale (ROF) on a scale
of 0-10 was used to collect the participants’ perceived fatigue levels before and after the
activity session [50]. Table 3 shows the rating of fatigue level and the corresponding label.

Table 2. Scaffold building activities.

SL. No. Activities Activity ID
1 Walking WALK
2 Carrying/Positioning Scaffold Frame CPSF
3 Carrying Leveling Jacks CLJ
4 Inserting / Adjusting Leveling Jacks IALJ
5 Carrying Crossbars CcC
6 Installing Crossbars IC
7 Hammering HAM
8 Wrenching WRE
9 Carrying/Dragging Baseboard CDB
10 Installing Baseboard on Different Levels IBDL
11 Carrying Guardrail CG
12 Dragging Guardrail DG
13 Installing Guardrail IG
14 Going Up/Down Vertical Ladder GUDVL

1 8 7
o Ehe)

x up-down I

a ]

“left-right B
¥ l z: front-back
4

Figure 5. A participant wearing a forearm Myo armband and metabolic analyzer.

4.2.3. Experiment Procedure

Once the written consent form was obtained from the participants, they were asked to
warm up to prevent any injuries. Once the participant was ready, three sensors (metabolic
analyzer, Myo armband, and heart rate monitor) were attached to the body. All the devices
were calibrated for each participant, following the manufacturer’s guidelines. All the
participants performed fourteen activities for five minutes each. The oxygen uptake, heart
rate, and forearm IMU and EMG data were continuously recorded for each activity. The
participants’ rating of fatigue (ROF) was collected before and after each activity (i.e., ROF
value was captured every five minutes). The order of the activities was randomized for
each participant. All the activities were performed in a warehouse environment at 72 F.
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Table 3. Fatigue rating scale and corresponding fatigue labels.

Fatigue Rating Verbal Anchors Fatigue Level & Labels
0 Not Fatigued at All 0—None
1
5 A Little Fatigued 1—Low
3
4 Moderately Fatigue 2—Moderate
5
6
; High Fatigue 3—High
8
9 Very High Fatigue 4—Very High
10

4.3. Data Analysis Protocol
4.3.1. Aerobic Fatigue Threshold—Feasibility Validation and Performance Evaluation

Previous studies used aerobic fatigue threshold or exercise intensity to assess the
worker capabilities or task workload evaluation [51-53]. Therefore, evaluating the use
of AFT for workers’ fatigue monitoring is essential. Figure 6 presents the data analysis
protocol to evaluate the feasibility and performance of AFT for fatigue monitoring. The
best classifier was developed to predict the fatigue level on the unseen dataset using
suitable features.

Dataset Preparation

Feature Extraction and Labeling e

Data Collection

Ten Commonly used

Mean, Min, Max, and SD ™ N
Classifiers were Trained

VO,, HR, and ROF Measured Features are Extracted from Features were Labeled with S T
from Ten Participants while Measured AFT, HR, and Subjective Fatigue Level e -apele i
! vl > L ’ = Data for Different Sensor
Performing Scaffold Building %HRR for Each Activity of a Rating Collected from the "
Activities Participant and the Features Participants RTEITEEEns

(AFT, HR, %HRR, AFT+HR,
AFT+%HRR, HR+%HRR)

l

were Normalized

Performance
Evaluation
Best Fatigue
| ¢ — Trained Classifiers were
LeVel / Evaluated using 10-Fold CV
Classifier

+ Comparison of Different
Sensor Features
* Best Classifier Selection

Figure 6. Data analysis protocol to evaluate the feasibility and performance of using the aerobic
fatigue threshold for fatigue monitoring.

The oxygen uptake (VO;) and heart rate (HR) data were collected using a VO,
metabolic analyzer and Tickr chest strap HR monitor from ten participants (age:
27 + 1.70 years, weight: 76.70 & 8.25 kg, and height: 171.7 & 4.13 cm) while perform-
ing scaffold building activities was used for this analysis. The oxygen uptake and heart
rate data were recorded at 1 Hz frequency. Each participant performed fourteen scaffold-
building activities listed in Table 2 for a maximum of five minutes or until they were
exhausted. All the activities were randomized for each participant. In addition to VO,
and HR data, the participants’ rating of fatigue (ROF) was collected before and after each
activity. The ROF was reported using the rating of the fatigue scale (0-10) and verbal
anchors shown in Table 3 [10,50]. Using the rating of fatigue, the level of fatigue was
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assigned to one of the labels, i.e., none, low, moderate, high, and very high. To compare the
performance of AFT to other fatigue assessment metrics such as heart rate (HR) [10] and
percentage of HR reserve (%HRR) [13], the %HRR was calculated using Equation (2) for
every one second.

HR ing — HRResti
Percentage of HR Reserve (%HRR) = IR Working HI;{ eoting
-Maximum — Resting

()

where HRworking = average working heart rate [bpm]; HRResting = resting heart rate [bpm];
and HRpaximum = maximum heart rate is estimated using 220 age [bpm] [54,55].

The AFT, HR, and %HRR data obtained from ten participants for every one second
were used to extract statistical features such as mean, minimum, maximum, and standard
deviation for the duration of activity. In total, there are twelve features and 140 samples
(10 participants x 14 activities). Since all the features are in different units, the features
were normalized to scale all the features between zero and one. Later, the feature data was
labeled with the level of fatigue (i.e., none, low, moderate, high, and very high) for each
activity performed by the participant. There were no data samples with the “none” label.

The labeled feature data was further used to train ten commonly used machine
learning-based classifiers, including Random Forest (RF), Decision Trees (DT), Naive Bayes
(NB), Linear Discriminant Analysis (LDA), Quadratic Discriminant Analysis (QDA), Sup-
port Vector Machine (SVM), Ada Booster (ADA), Logistic Regression (LR), K Nearest
Neighbors (KNN), and Multilayer Perceptron (MLP). The classification analysis was per-
formed using PyCaret—an open-source, low-code machine learning library in Python [56].
The models were evaluated using a 10-fold cross-validation technique, and the performance
of the models was assessed using accuracy, precision, recall, and F1 Score. To evaluate
the feasibility and performance of using AFT for fatigue level assessment, the classifier’s
performance was compared for different feature combinations such as AFT, HR, %HRR,
AFT + HR, AFT + %HRR, HR + %HRR, and AFT + HR + %HRR. However, the best fatigue
level classifier was selected and used for further analysis on the unseen dataset.

4.3.2. Fatigue Monitoring—Feasibility Validation and Performance Evaluation

Figure 7 presents the data analysis protocol to evaluate the feasibility and performance
of the proposed fatigue monitoring framework. The authors have used the trained BiLSTM
activity recognition model, MAC values for construction-specific activities, trained BiLSTM
oxygen prediction model, and fatigue level classifier obtained using the ten participant data.

For the proposed system feasibility and performance evaluation, EMG and IMU data
were collected from a participant (age = 29 years, height = 168 cm, weight = 75 kg, and
Resting HR = 96) performing all fourteen scaffold building activities for approximately
85 min (5088 samples). The sequence of the activities and duration of the activities are
shown in Table 4. Some of the IAL], CDB, and IG activities are performed for a longer
duration because they involve multiple tasks. For example, IAL] involves two tasks
installing and adjusting leveling jacks performed for five minutes each continuously. In
contrast, the activities such as GUDVL were performed for a short duration because the
participant was completely exhausted after 1.40 min. In addition to armband data, VO,
and HR data were continuously recorded for the entire session. Moreover, a rating of the
fatigue level was collected for every one minute.

First, the EMG and IMU data were preprocessed for activity recognition and oxygen
uptake prediction. The oxygen uptake and heart rate data recorded every second were
synchronized with the preprocessed EMG and IMU features. Additionally, the features
dataset was labeled with actual activity ID for ground truth. Once the dataset was prepared,
the trained activity recognition and oxygen uptake models developed in the previous
chapters were implemented on unseen datasets to recognize activities and oxygen uptake
for every one second. Using the model predictions and MAC values from Table 1, the
authors determined AFT for every one second on the unseen dataset. The actual and
predicted AFT values were analyzed using linear regression analysis to see how well the
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proposed system monitored AFT for one second, one-min, two-min, and over the entire
activity duration.

" — —_—— 1
I Activity Recognition Activity-Specific MAC !
1 |
Unseen Dataset Data Preprocessing Recognition of Activities far Every N o atabase Consets of Acti |
1 Second using Trained BiLSTM atas“e,r ';;':‘C’\;’ : ity |
I Model pecific alues I
N I !
Forearm IMU and EMG Data 8 . v
o 2 » Feature Extraction | - . |
{Tom 8 Farueipant betforming » Data Fusion Oxygen Uptake Aerobic Fatigue 1
Scaffold Building Activities for e o I Threshold (AFT
Approximately 85 minutes 8 1 reshold (AFT) I
Continuous Oxygen Uptake > ) |
1 Prediction for Every Second using Aeroblc. Fatigue Threshold (AFT) |
| Trained BiLSTM Model Predicted for Every Second |
[ 0-None n—ay | 1
1-Low -l
g M2 . g
2 -Moderate Fatigue Level Classifier AFT Features

— .

ik i Trained Decision Tree Classifier to AFT Features Such as Mean, Min,
Predict Worker Fatigue Level for 1- Max, SD are Extracted for 1-min, 2-
min, 2-min, and for Each Activity min, and for Each Activity

Figure 7. Data analysis protocol to evaluate the feasibility and performance of the proposed fatigue

monitoring system.

Table 4. Activity sequence and duration of unseen dataset.

Sequence Activity ID Duration (min)
1 WALK 3.27
2 CG 4.98
3 CLJ 4.95
4 IALJ 10.03
5 CPSF 5.00
6 HAM 5.02
7 WRE 5.02
8 cC 5.00
9 CPSF 4.97
10 IC 5.02
11 CDB 10.10
12 IBDL 5.02
13 DG 5.02
14 IG 10.02
15 GUDVL 1.40

For the fatigue level assessment, the predicted AFT values for every second were used
to extract statistical features (i.e., mean, minimum, maximum, and standard deviation) for
every one-min, two-min, and activity. The extracted AFT features were labeled with the
subjective rating of fatigue level for ground truth. The best fatigue level classifier obtained
in the previous section was used to predict the fatigue level of the unseen dataset. The
actual and predicted fatigue levels were analyzed to see how well the predicted AFT can
recognize workers’ fatigue levels compared to HR and %HRR.
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5. Results
5.1. Aerobic Fatigue Threshold—rFeasibility Validation and Performance Evaluation

First, the average AFT value for each fatigue level was estimated using the ten par-
ticipants’ data, as shown in Table 5. The average AFT is above 33% for the high and very
high fatigue levels where an individual is getting tired or very tired, which aligns with the
NIOSH recommendation that an individual cannot sustain if AFT exceeds 33%. Moreover,
Figure 8 shows the average AFT value for each activity where activities CPSF, CDB, and
GUDVL are above the 33% threshold and align with the subjective fatigue rating rated as
high or very high fatigue level activities. This shows that the subjective fatigue ratings are
reliable for further analysis.

Table 5. Average AFT for each fatigue level.

Fatigue Level Average AFT
Low 22.03%
Moderate 28.91%
High 36.00%
Very High 43.63%

50%

40%
33% Threshold
20
10%
0%
cu 1AL CcC IC

WALK  CPSF HAM WRE CDB IBDL CG DG IG GUDVL
Activity ID

w
o
ES

Average AFT
S

Figure 8. Average AFT for each activity.

Further, the classification accuracy for the tested machine learning algorithms for
different feature combinations is shown in Table 6. The results show that the highest
classification accuracy was obtained using the decision tree classifier algorithm for AFT
features. Also, the classification accuracy is highest for the features in combination with
AFT (i.e., AFT + %HRR = 91.45%, AFT + HR + %HRR = 90.60, and AFT + HR = 90.60%). The
highest classification accuracy for different feature combinations is highlighted in Table 6.
Low classification accuracies were observed for HR (51.28%) and %HRR (50.43%) features.
Similarly, the F1 Scores for the AFT (92.40%) are the highest compared to other features
shown in Table 7. Moreover, Figure 9 shows the confusion matrix for the decision tree
classifier using AFT features. It is observed that the model is classifying all four levels with
90% accuracy with a high misclassification rate of 11% between high and very high levels.
From the accuracy, F1 Scores, and confusion matrix, the performance of the classifiers using
AFT features is highest compared to HR and %HRR features. This analysis concludes that
AFT features are highly suitable for assessing all four fatigue levels compared to %HRR and
HR. The decision tree classifier built using the AFT features was further used to evaluate
the fatigue levels of unseen data.
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Table 6. Classification accuracies for different feature combinations.

Model AFT %HRR HR AFT + %HRR AFT + HR HR + %HRR AFT + HR + %HRR
RF 90.60% 44.44% 41.88% 89.74% 90.60% 44.44% 90.60%
DT 92.31% 41.03% 44.44% 91.45% 88.03% 34.19% 90.60%
NB 82.91% 46.15% 47.01% 79.49% 78.63% 42.74% 74.36%
LDA 87.18% 46.15% 51.28% 88.89% 83.76% 42.74% 82.91%
QDA 85.47% 38.46% 36.75% 79.49% 77.78% 37.61% 67.52%
SVM 72.65% 46.15% 44.44% 72.65% 66.67% 50.43% 68.38%
ADA 52.14% 46.15% 47.86% 52.14% 52.14% 46.15% 52.14%

LR 86.32% 50.43% 46.15% 79.49% 82.05% 45.30% 79.49%
KNN 81.20% 36.75% 38.46% 72.65% 72.65% 35.04% 64.96%
MLP 91.45% 46.15% 45.30% 88.89% 87.18% 46.15% 88.03%

Table 7. Classification F1 Score for different feature combinations.

Model AFT %HRR HR AFT + %HRR AFT + HR HR + %HRR AFT + HR + %HRR
RF 90.60% 44.60% 42.10% 89.80% 90.60% 44.50% 90.70%
DT 92.40% 40.50% 43.20% 91.50% 88.10% 33.90% 90.60%
NB 82.80% 43.90% 42.20% 79.30% 78.20% 38.20% 73.90%

LDA 87.30% 44.80% 47.40% 88.90% 83.80% 41.60% 82.80%
QDA 85.30% 38.40% 36.30% 79.20% 77.30% 37.60% 65.50%
SVM 68.10% 46.20% 44.44% 70.70% 62.40% 50.40% 66.20%
ADA 52.10% 46.20% 47.90% 52.10% 52.10% 46.20% 52.10%
LR 86.30% 49.00% 42.60% 79.50% 82.10% 44.44% 79.60%
KNN 81.30% 36.20% 38.40% 72.90% 73.10% 35.30% 65.20%
MLP 91.50% 44.10% 43.50% 88.90% 87.20% 45.20% 88.20%
Low 94% 6% 0% 0% |194.12%(2.40%
E Moderate| 4% 91% 4% 0% 91.11%|4.20%
(/]
;' High 0% 5% 95% | 0% | (94.74%|4.10%
[/]
-
% Very High| 0% 0% 11% | 89% | |89.47%|0.00%
Q
< | ve TP | FP
o Low |Moderate| High | o7
9 | High | | Rate | Rate

Actual Level

Figure 9. Confusion matrix for decision tree classifier using AFT features.

5.2. Fatigue Monitoring—Feasibility Validation and Performance Evaluation

The actual and predicted AFT on the unseen dataset for one second, one-min, two-

min, and each activity over the entire experiment duration are shown in Figures 10-12,
respectively. The graphs show a peak trend for the high-intensity activities for all window
sizes. The value of AFT varied based on the intensity and complexity of the activity.
Figure 13 shows the average actual and predicted AFT for each activity, where the highest
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value was observed for GUDVL and the lowest for HAM activities. These results match
the participants” subjective fatigue rating. A linear correlation analysis was performed
between actual and predicted AFT for one second, one-min, two-min, and each activity.
The correlation results show that the highest coefficient of determination (R?) and root
mean square error (RMSE) of 0.85 and 0.027 were observed for both one-min and two-min
AFT. The lowest correlation was observed for one second, i.e., R? = 0.71 and RMSE = 0.040.
The goodness of fit curves for one second and five-min AFT is shown in Figure 14. The
correlation analysis shows that the predicted AFT values have achieved a good fit and
the variation in the AFT value for different activities demonstrates the feasibility of using
predicted AFT values for fatigue assessment. Additionally, using a one-min or two-min
average AFT helps to minimize errors and improves fatigue prediction accuracy.

—o—AFT_Actual
—o— AFT_Predicted

2000 3000 4000 5000
Time (s)

Figure 10. Actual and predicted AFT for every one second on the unseen dataset.

—a—AFT_Actual
—o—AFT_Predicted

20 30 40 50 60 70 80 90
Time (m)

Figure 11. Actual and predicted AFT for every one-min on the unseen dataset.

Further, the predicted AFT features for one-min, two-min, and each activity are used
for fatigue assessment to evaluate the performance of the proposed fatigue monitoring
system. The classifier performance on predicted AFT features for one-min, two-min, and
each activity is shown in Table 8. The results show that the overall performance of the
fatigue assessment is better for the predicted AFT values for two-min (accuracy = 76.74%)
compared to 1-min (accuracy = 71.05%) or for each activity (accuracy = 71.05%). However,
the classification accuracy using HR (35.71%) and %HRR (35.71%) features of the unseen
dataset is very low compared to AFT features. Figure 15 shows the high misclassification
rate when using AFT features was observed between low and moderate fatigue levels.
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Figure 12. Actual and predicted AFT for every two-min on the unseen dataset.
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Figure 13. Actual and predicted AFT for each activity on the unseen dataset.
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Figure 14. Correlation analysis for actual and predicted AFT values on the unseen dataset for
(a) every one second, (b) average of one-min, (c) average of two-min, and (d) average for each activity.
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Table 8. Fatigue level assessment using predicted AFT features for every one-min, two-min, and
each activity.

Accuracy Recall Precision  F1 Score

Average Predicted AFT for 1-min 71.05% 71.10% 86.10% 72.40%
Average Predicted AFT for 2-min 76.74% 76.70% 86.10% 76.10%
Average Predicted AFT for Each Activity 71.43% 71.40% 90.50% 73.80%
HR Features for Each Activity 35.71% 35.70% 82.70% 36.20%

% HRR Features for Each Activity 35.71% 35.70% 40.50% 33.33%

(b)

Low 100% 0% 0% | 0% 100% |33.3% Low 100% 0% 0% | 0% 100% |29.0%
Moderate| 45% 53% 2% | 0% | |52.38%|2.60% E Moderate| 50% [ 50% 0% | 0% ||50.00%|0.00%
High 0% 0% 87% | 13% | |86.67%|1.60% E High 0% 0% [ 88% | 12% | |87.50%0.00%
Very High| 0% 0% 0% [ 0% 0.00% (0.00% é Very High| 0% 0% 0% 100% 0.00% |1.60%
Low |Moderate| High \l-/{?gr% R1:t'e RFa':e E Low |Moderate| High \H/?g?\ RT:e RI::e
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(c)
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Figure 15. Confusion matrix of fatigue level assessment using predicted AFT features (a) for one-min,
(b) for two-min, and (c) for each activity.

Figures 16 and 17 shows the actual and predicted fatigue level over the entire duration
of the unseen dataset, where most of the time, the low and moderate fatigue levels were
misclassified. Figure 18 shows that the fatigue level is accurately predicted for high-
intensity activities such as GUDVL, CDB, and IBDL. Some low-intensity activities, such
as ALJ, CL]J, and DG are misclassified as low instead of moderate. Moreover, it can be
observed that the misclassifications of lower fatigue levels were less for two-min compared
to one-min average AFT. This shows that the more extended window sizes are suitable for
low-intensity activities. This indicates that the proposed system can be used for continuous
monitoring of fatigue levels.

Further, hypothesis testing was performed using a Chi-Squared test between actual
and predicted fatigue levels for each window size (i.e., one-min, two-min, and average over
each activity). The null hypothesis assumed that the actual fatigue levels are not related to
predicted fatigue levels. The alternate hypothesis is that the actual fatigue levels are related
to predicted fatigue levels. The results show that the p-value for all the window sizes is less
than 0.05, therefore reject the null hypothesis and accept the alternate hypothesis, which
concludes that there exists a significant relationship between actual and predicted fatigue
levels for three window sizes (Table 9).
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Figure 16. Predicted and actual fatigue level for every one-min on the unseen dataset.
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Figure 18. Predicted and actual fatigue level for each activity on the unseen dataset.

Table 9. Chi-Squared test between the actual and predicted fatigue levels for different window sizes.

Test Statistic df p-Value
1 min 160.93 9 2.20E-16
2 min 86.64 9 7.67E-15

Average Activity 30.333 9 0.000385
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6. Discussion

This study confirmed that the proposed fatigue monitoring system could continuously
assess workers’ fatigue levels. The use of the aerobic fatigue threshold (92.31%) to monitor
the fatigue level has achieved high classification accuracy compared to the previous studies,
which used energy expenditure (90%) [22] and skin temperature (80.60%) [10]. The better
performance of the system is due to the high correlation of the AFT feature with the fatigue
levels. Comparing the classification accuracy for different feature combinations shows
that the AFT features have high performance compared to HR features, which agrees
with the previous study [10]. This shows that the HR features alone are not suitable for
fatigue level assessment for the activities performed in a short interval of time. Previous
studies have considered two-min [10], 35 s [22], and 30 min [13] windows to assess the
worker fatigue level. Jebelli et al. (2019) suggested that a higher window size is required to
recognize the physical demand compared, the comparison of classification accuracy for
different window sizes identified that two-min average AFT had achieved high classifica-
tion accuracy compared to one-min over the duration of activity. This study recommends
using a higher window size for low-intensity activities and a smaller window size for
high-intensity activities.

The AFT values for the high and very high fatigue level activities such as CDB,
IBDL, and GUDVL are above 33%, which agrees with published guidelines for oxygen
uptake [6,57]. Moreover, the classification accuracy was higher for high fatigue-level
activities, which shows that AFT is a suitable metric to assess the fatigue level of high-
intensity activities. The predicted AFT values using forearm motion and muscle activity
data are highly correlated with actual values, showing that oxygen consumption is highly
influenced by the type of activity performed in a short interval. The continuous monitoring
of AFT can assess activity work severity classification based on published guidelines for
oxygen uptake.

The proposed system is highly suitable for construction applications because it uses
armband with 8-EMG electrodes and a nine-axis IMU to capture EMG and IMU data and
AFT metrics, dependent on the activity. Since the EMG and IMU signals depend on activity,
which helps recognize complex activities performed in a short time, the proposed system
can be used for any trade. Moreover, the performance of the proposed system on the unseen
dataset has shown the feasibility of using the system for complex high-intensity activities.

The previous studies classify the physical demand or fatigue level based on the
physiological signal data from the worker. Unlike previous studies, the proposed system
continuously measures the aerobic fatigue threshold using forearm EMG and IMU data
that provides an opportunity to quantify the direct impacts of fatigue on accidents, evaluate
the worker capabilities, and assess the workload evaluation of the task.

This study has successfully demonstrated forearm EMG and IMU data to monitor the
workers’ fatigue level continuously; however, it has some limitations. The proposed system
was validated and evaluated using only scaffold-building tasks. Even though the tasks were
complex and highly physically demanding, different tasks should be studied for real-world
fatigue monitoring applications. The study was conducted in a warehouse environment at
72 °F; however, other environmental and site conditions were not considered. Only one
participants” data was used to assess the performance of the proposed fatigue monitoring
system. An extensive experiment needs to be performed with multiple participants of
different ages, ethnicity, work experience, and physical health to evaluate the performance
of the proposed system. The combined MAC value was used for hammering, wrenching,
and dragging activities instead of individual activity-specific MAC value, which is one of
the limitations of the study.

Future research focuses on improving the robustness and performance of the system
by training the models using data from workers with different characteristics (i.e., age, work
experience, ethnicity, and health conditions), trades, and working conditions. Moreover,
investigate the deep learning algorithms to classify fatigue levels. AFT values range from
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extensive population data to training fatigue level classifiers to reduce the possible bias
due to the subjective fatigue level rating.

7. Conclusions

This study proposes an automated framework to continuously monitor the worker
fatigue level using forearm-based EMG and IMU sensors by measuring the aerobic fatigue
threshold. The system validation and performance evaluation confirmed that the forearm
EMG and IMU data could recognize complex construction activities, instantaneous oxy-
gen uptake, continuous aerobic fatigue threshold, and classify fatigue level. The results
conclude that AFT features could classify fatigue levels with a high accuracy of 92.31%
compared to HR (51.28%) and %HRR (50.43%). Moreover, the results show that the AFT
is greater than 33% for high and very high fatigue levels, which agrees with the NIOSH
exercise intensity threshold. The proposed system is highly suitable for construction appli-
cations because the entire framework is dependent on the activity performed by the worker.
Since the proposed framework is dependent on the activity, the system can be adaptable
for any trade and site conditions. The continuous monitoring of fatigue levels helps assess
the worker’s physiological status, evaluate the physical workload of the activity, quantify
the direct impacts of the fatigue level on the accidents, and early detection of risk.

Author Contributions: S.S.B. designed the study, conducted measurements in healthy participants,
analyzed the data, and drafted the manuscript. C.W. and F.A. supervised Srikanth Bangaru in
conceptualization, experiment design, data analysis, and manuscript writing. All authors have read
and agreed to the published version of the manuscript.

Funding: This material is based upon work supported by the National Science Foundation under
Grant No. #2026575 and #2222881. Any opinions, findings, conclusions, or recommendations
expressed in this material are those of the author(s) and do not necessarily reflect the views of the
National Science Foundation.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Louisiana State University (protocol
code IRBAM-20-0539 and date of approval is 4 November 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, T. U.S. Construction Industry—Statistics & Facts. Available online: https://www.statista.com/topics/974/construction/
(accessed on 5 July 2020).

2. Kim, S.; Chang, S.; Castro-Lacouture, D. Dynamic modeling for analyzing impacts of skilled labor shortage on construction
project management. J. Manag. Eng. 2019, 36, 04019035. [CrossRef]

3. Juan, S. Facts of Safety at Work. Awailable online: https://www.ilo.org/wcmsp5/groups/public/---dgreports/---dcomm/
documents/publication/wcms_067574.pdf (accessed on 27 December 2019).

4. BLS. Injuries, Illnesses, and Fatalities. Available online: https:/ /www.bls.gov /iif /oshwc/cfoi/cftb0321.htm (accessed on 12
December 2019).

5. BLS. Survey of Occupational Injuries and Illnesses Data. Available online: https://www.bls.gov /iif /soii-data.htm (accessed on
27 December 2019).

6.  Abdelhamid, T.S.; Everett, ].G. Physiological demands during construction work. |. Constr. Eng. Manag. 2002, 128, 427-437.
[CrossRef]

7. Cheng, T.; Migliaccio, G.C.; Teizer, J.; Gatti, U.C. Data fusion of real-time location sensing and physiological status monitoring for
ergonomics analysis of construction workers. J. Comput. Civ. Eng. 2012, 27, 320-335. [CrossRef]

8.  Zhang, M.; Murphy, L.A.; Fang, D.; Caban-Martinez, A.J. Influence of fatigue on construction workers’ physical and cognitive
function. Occup. Med. (Lond) 2015, 65, 245-250. [CrossRef]

9. OSHA. OSHA, Commonly Used Statistics. Available online: https://www.osha.gov/data/commonstats (accessed on 27
December 2019).

10. Aryal, A.; Ghahramani, A.; Becerik-Gerber, B. Monitoring fatigue in construction workers using physiological measurements.

Autom. Constr. 2017, 82, 154-165. [CrossRef]


https://www.statista.com/topics/974/construction/
http://doi.org/10.1061/(ASCE)ME.1943-5479.0000720
https://www.ilo.org/wcmsp5/groups/public/---dgreports/---dcomm/documents/publication/wcms_067574.pdf
https://www.ilo.org/wcmsp5/groups/public/---dgreports/---dcomm/documents/publication/wcms_067574.pdf
https://www.bls.gov/iif/oshwc/cfoi/cftb0321.htm
https://www.bls.gov/iif/soii-data.htm
http://doi.org/10.1061/(ASCE)0733-9364(2002)128:5(427)
http://doi.org/10.1061/(ASCE)CP.1943-5487.0000222
http://doi.org/10.1093/occmed/kqu215
https://www.osha.gov/data/commonstats
http://doi.org/10.1016/j.autcon.2017.03.003

Sensors 2022, 22,9729 21 of 22

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Fang, D.; Jiang, Z.; Zhang, M.; Wang, H. An experimental method to study the effect of fatigue on construction workers’ safety
performance. Saf. Sci. 2015, 73, 80-91. [CrossRef]

Gatti, U.C.; Migliaccio, G.C.; Bogus, S.M.; Schneider, S. An exploratory study of the relationship between construction workforce
physical strain and task level productivity. Constr. Manag. Econ. 2014, 32, 548-564. [CrossRef]

Hwang, S.; Lee, S. Wristband-type wearable health devices to measure construction workers’ physical demands. Autom. Constr.
2017, 83, 330-340. [CrossRef]

Romain, M.; Watson, P.; Hasegawa, H.; Roelands, B.; Piacentini, M. Central fatigue: The serotonin hypothesis and beyond. Sports
Med. 2006, 36, 881-909.

Arellano, J.; Martinez, J.; Perez, J.; Alcaraz, ]. Relationship between workload and fatigue among Mexican assembly operators.
Int. J. Phys. Med. Rehabil. 2015, 3, 2.

Borghini, G.; Astolfi, L.; Vecchiato, G.; Mattia, D.; Babiloni, F. Measuring neurophysiological signals in aircraft pilots and car
drivers for the assessment of mental workload, fatigue and drowsiness. Neurosci. Biobehav. Rev. 2014, 44, 58-75. [CrossRef]
Debnath, A.K.; Blackman, R.; Haworth, N. Common hazards and their mitigating measures in work zones: A qualitative study of
worker perceptions. Saf. Sci. 2015, 72, 293-301.

Dittner, A.J.; Wessely, S.C.; Brown, R.G. The assessment of fatigue: A practical guide for clinicians and researchers. J. Psychosom.
Res. 2004, 56, 157-170. [CrossRef]

Lu, L.; Megahed, EM.; Sesek, R.E,; Cavuoto, L.A. A survey of the prevalence of fatigue, its precursors and individual coping
mechanisms among US manufacturing workers. Appl. Ergon. 2017, 65, 139-151. [CrossRef]

Mitropoulos, P.; Memarian, B. Task demands in masonry work: Sources, performance implications, and management strategies. J.
Constr. Eng. Manag. 2012, 139, 581-590. [CrossRef]

Chan, A.P;Yi, W; Wong, D.P,; Yam, M.C.; Chan, D.W. Determining an optimal recovery time for construction rebar workers after
working to exhaustion in a hot and humid environment. Build. Environ. 2012, 58, 163-171. [CrossRef]

Jebelli, H.; Choi, B.; Lee, S. Application of wearable biosensors to construction sites. II: Assessing workers’ physical demand. J.
Constr. Eng. Manag. 2019, 145, 04019080. [CrossRef]

Gatti, U.C.; Schneider, S.; Migliaccio, G.C. Physiological condition monitoring of construction workers. Autom. Constr. 2014, 44,
227-233. [CrossRef]

Maman, Z.S.; Yazdi, M.A.A.; Cavuoto, L.A.; Megahed, EM. A data-driven approach to modeling physical fatigue in the workplace
using wearable sensors. Appl. Ergon. 2017, 65, 515-529.

Edwards, R.H. Human muscle function and fatigue. In Human Muscle Fatigue: Physiological Mechanisms, Proceedings of the Ciba
Foundation Symposium 82; Pitman Medical: London, UK, 1981; pp. 1-18.

Grandjean, E. Fatigue in industry. Br. J. Ind. Med. 1979, 36, 175-186. [CrossRef]

Michielsen, H.J.; De Vries, J.; Van Heck, G.L.; Van de Vijver, E].; Sijtsma, K. Examination of the dimensionality of fatigue. Eur. J.
Psychol. Assess. 2004, 20, 39-48. [CrossRef]

Horrey, W.J.; Noy, Y.I; Folkard, S.; Popkin, S.M.; Howarth, H.D.; Courtney, T.K. Research needs and opportunities for reducing
the adverse safety consequences of fatigue. Accid. Anal. Prev. 2011, 43, 591-594. [CrossRef]

Sadeghniiat-Haghighi, K.; Yazdi, Z. Fatigue management in the workplace. Ind. Psychiatry . 2015, 24, 12-17. [CrossRef]

Yung, M.; Wells, R. How Do We Measure Neuromuscular Fatigue at the Workplace? The Toronto CRE-MSD Workshop. Available
online: https:/ /uwaterloo.ca/centre-of-research-expertise-for-the-prevention-of-musculoskeletal-disorders / resources / position-
papers/how-do-we-measure-neuromuscular-fatigue-workplace-toronto (accessed on 31 December 2019).

Zhang, M.; Sparer, E.H.; Murphy, L.A.; Dennerlein, ].T.; Fang, D.; Katz, ].N.; Caban-Martinez, A.J. Development and validation of
a fatigue assessment scale for US construction workers. Am. J. Ind. Med. 2015, 58, 220-228. [CrossRef]

Chalder, T.; Berelowitz, G.; Pawlikowska, T.; Watts, L.; Wessely, S.; Wright, D.; Wallace, E.P. Development of a fatigue scale. J.
Psychosom. Res. 1993, 37, 147-153. [CrossRef]

Lee, K.A.; Hicks, G.; Nino-Murcia, G. Validity and reliability of a scale to assess fatigue. Psychiatry Res. 1991, 36, 291-298.
[CrossRef]

Yi, W.; Chan, A.P; Wang, X.; Wang, ]. Development of an early-warning system for site work in hot and humid environments: A
case study. Autom. Constr. 2016, 62, 101-113. [CrossRef]

Zhang, L.; Diraneyya, M.M.; Ryu, J.; Haas, C.T.; Abdel-Rahman, E. Assessment of jerk as a method of physical fatigue detection.
In Proceedings of the ASME 2018 International Design Engineering Technical Conferences and Computers and Information in
Engineering Conference, Quebec City, QC, Canada, 26-29 August 2018.

Bosecker, C.; Dipietro, L.; Volpe, B.; Krebs, H.I. Kinematic robot-based evaluation scales and clinical counterparts to measure
upper limb motor performance in patients with chronic stroke. Neurorehabil. Neural Repair 2010, 24, 62—-69. [CrossRef]

Hogan, N.; Sternad, D. Sensitivity of smoothness measures to movement duration, amplitude, and arrests. J. Mot. Behav. 2009, 41,
529-534. [CrossRef]

Van Dieén, ].H.; Toussaint, H.M.; Maurice, C.; Mientjes, M. Fatigue-related changes in the coordination of lifting and their effect
on low back load. J. Mot. Behav. 1996, 28, 304-314. [CrossRef]

Hwang, S.; Seo, J.; Jebelli, H.; Lee, S. Feasibility analysis of heart rate monitoring of construction workers using a photoplethys-
mography (PPG) sensor embedded in a wristband-type activity tracker. Autom. Constr. 2016, 71, 372-381. [CrossRef]


http://doi.org/10.1016/j.ssci.2014.11.019
http://doi.org/10.1080/01446193.2013.831463
http://doi.org/10.1016/j.autcon.2017.06.003
http://doi.org/10.1016/j.neubiorev.2012.10.003
http://doi.org/10.1016/S0022-3999(03)00371-4
http://doi.org/10.1016/j.apergo.2017.06.004
http://doi.org/10.1061/(ASCE)CO.1943-7862.0000586
http://doi.org/10.1016/j.buildenv.2012.07.006
http://doi.org/10.1061/(ASCE)CO.1943-7862.0001710
http://doi.org/10.1016/j.autcon.2014.04.013
http://doi.org/10.1136/oem.36.3.175
http://doi.org/10.1027/1015-5759.20.1.39
http://doi.org/10.1016/j.aap.2010.01.014
http://doi.org/10.4103/0972-6748.160915
https://uwaterloo.ca/centre-of-research-expertise-for-the-prevention-of-musculoskeletal-disorders/resources/position-papers/how-do-we-measure-neuromuscular-fatigue-workplace-toronto
https://uwaterloo.ca/centre-of-research-expertise-for-the-prevention-of-musculoskeletal-disorders/resources/position-papers/how-do-we-measure-neuromuscular-fatigue-workplace-toronto
http://doi.org/10.1002/ajim.22411
http://doi.org/10.1016/0022-3999(93)90081-P
http://doi.org/10.1016/0165-1781(91)90027-M
http://doi.org/10.1016/j.autcon.2015.11.003
http://doi.org/10.1177/1545968309343214
http://doi.org/10.3200/35-09-004-RC
http://doi.org/10.1080/00222895.1996.10544600
http://doi.org/10.1016/j.autcon.2016.08.029

Sensors 2022, 22,9729 22 of 22

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

Hwang, S.; Seo, J.; Ryu, J.; Lee, S. Challenges and opportunities of understanding construction workers” physical demands
through field energy expenditure measurements using a wearable activity tracker. In Proceedings of the Construction Research
Congress, San Juan, Puerto Rico, 31 May-2 June 2016; pp. 2730-2739.

Jebelli, H.; Choi, B.; Kim, H.; Lee, S. Feasibility study of a wristband-type wearable sensor to understand construction workers’
physical and mental status. In Proceedings of the Construction Research Congress, New Orleans, LA, USA, 2-4 April 2018; pp.
367-377.

National Institute for Occupational Safety and Health. Work Practices Guide for Manual Lifting; US Department of Health and
Human Services: Cincinatti, OH, USA, 1981; pp. 81-122.

Snook, S.H.; Irvine, C.H. Maximum frequency of lift acceptable to male industrial workers. Am. Ind. Hyg. Assoc. ]. 1968, 29,
531-536. [CrossRef] [PubMed]

Ilmarinen, J. Job design for the aged with regard to decline in their maximal aerobic capacity: Part [—Guidelines for the
practitioner. Int. |. Ind. Ergon. 1992, 10, 53-63. [CrossRef]

Wong del, PL.; Chung, ].W.; Chan, A.P.; Wong, FK; Yi, W. Comparing the physiological and perceptual responses of construction
workers (bar benders and bar fixers) in a hot environment. Appl. Erg. 2014, 45, 1705-1711. [CrossRef] [PubMed]

Mital, A.; Foononi-Fard, H.; Brown, M.L. Physical fatigue in high and very high frequency manual materials handling: Perceived
exertion and physiological indicators. Hum. Factors 1994, 36, 219-231. [CrossRef]

Bosquet, L.; Merkari, S.; Arvisais, D.; Aubert, A.E. Is heart rate a convenient tool to monitor over-reaching? A systematic review
of the literature. Br. J. Sports Med. 2008, 42, 709-714. [CrossRef]

Bangaru, S.S.; Wang, C.; Aghazadeh, F. Data Quality and Reliability Assessment of Wearable EMG and IMU Sensor for
Construction Activity Recognition. Sensors 2020, 20, 5264. [CrossRef]

Bangaru, S.S.; Wang, C.; Busam, S.A.; Aghazadeh, F. ANN-based automated scaffold builder activity recognition through
wearable EMG and IMU sensors. Autom. Constr. 2021, 126, 103653. [CrossRef]

Kim, E.; Lovera, J.; Schaben, L.; Melara, J.; Bourdette, D.; Whitham, R. Novel method for measurement of fatigue in multiple
sclerosis: Real-Time Digital Fatigue Score. . Rehabil. Res. Dev. 2010, 47, 477-484. [CrossRef]

Iridiastadi, H.; Aghazadeh, F. Physiological fatigue limit of combined manual materials handling tasks. Occup. Ergon. 2005, 5,
141-148. [CrossRef]

Fredericks, TK.; Choi, S.D.; Hart, J.; Butt, S.E.; Mital, A. An investigation of myocardial aerobic capacity as a measure of both
physical and cognitive workloads. Int. J. Ind. Ergon. 2005, 35, 1097-1107. [CrossRef]

Abut, F.; Akay, M.E. Machine learning and statistical methods for the prediction of maximal oxygen uptake: Recent advances.
Med. Devices (Auckl.) 2015, 8, 369-379. [CrossRef] [PubMed]

Robergs, R.A.; Landwehr, R. The surprising history of the “HRmax = 220-age” equation. J. Exerc. Physiol. Online 2002, 5, 1-10.
Verschuren, O.; Maltais, D.B.; Takken, T. The 220-age equation does not predict maximum heart rate in children and adolescents.
Dev. Med. Child Neurol. 2011, 53, 861-864. [CrossRef]

Ali, M. PyCaret: An open source, low-code machine learning library in Python. Available online: https://www.pycaret.org
(accessed on 5 July 2020).

Astrand, PO.; Rodahl, K.; Dahl, H.A.; Stremme, S.B. Textbook of Work Physiology: Physiological Bases of Exercise; Human Kinetics:
Champaign, IL, USA, 2003.


http://doi.org/10.1080/00028896809343050
http://www.ncbi.nlm.nih.gov/pubmed/5703672
http://doi.org/10.1016/0169-8141(92)90048-5
http://doi.org/10.1016/j.apergo.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/24980679
http://doi.org/10.1177/001872089403600204
http://doi.org/10.1136/bjsm.2007.042200
http://doi.org/10.3390/s20185264
http://doi.org/10.1016/j.autcon.2021.103653
http://doi.org/10.1682/JRRD.2009.09.0151
http://doi.org/10.3233/OER-2005-5302
http://doi.org/10.1016/j.ergon.2005.06.002
http://doi.org/10.2147/MDER.S57281
http://www.ncbi.nlm.nih.gov/pubmed/26346869
http://doi.org/10.1111/j.1469-8749.2011.03989.x
https://www.pycaret.org

	Introduction 
	Literature Review 
	Definition and Causes of Fatigue 
	Current Approaches for Fatigue Measurement 

	Proposed Fatigue Monitoring Framework 
	Data Acquisition and Preprocessing 
	BiLSTM-Based Activity Recognition and Oxygen Uptake 
	Construction Activity—Specific Maximum Aerobic Capacity (MAC) 
	Aerobic Fatigue Threshold and Fatigue Monitoring 

	System Feasibility Validation and Performance Evaluation 
	Case Study of Scaffold Builder Activities 
	Experiment Setup 
	Participants 
	Measurements 
	Experiment Procedure 

	Data Analysis Protocol 
	Aerobic Fatigue Threshold—Feasibility Validation and Performance Evaluation 
	Fatigue Monitoring—Feasibility Validation and Performance Evaluation 


	Results 
	Aerobic Fatigue Threshold—Feasibility Validation and Performance Evaluation 
	Fatigue Monitoring—Feasibility Validation and Performance Evaluation 

	Discussion 
	Conclusions 
	References

