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Abstract 

The construction industry around the globe has unsatisfactory occupational health and safety records. 
One of the major reasons is attributed to high physical demands and hostile working environments. 
Construction work always requires workers to work for a long duration without sufficient breaks to 
recover from overexertion and to work under harsh climatic conditions and/or in confined 
workspaces. Such circumstances can increase the risk of physical fatigue. Traditionally, fatigue 
monitoring in the construction domain relies on self-reporting or subjective questionnaires. These 
methods require the manual collection of responses and are impractical for continuous fatigue 
monitoring. Some researchers have used on-body sensors for fatigue monitoring (such as heart rate 
monitors and surface electromyography (sEMG) sensors). Although these devices appear to be 
promising, they are intrusive, requiring sensors to be attached to the worker’s body. Such on-body 
sensors are uncomfortable to wear and could easily cause irritation. Considering the limitations of 
these methodologies, the current research proposes a novel non-intrusive method to monitor the 
whole-body physical fatigue with computer vision for construction workers. A computer vision-based 
3D motion capture algorithm was developed to model the motion of various body parts using an RGB 
camera. A fatigue assessment model was developed using the 3D model data from the developed 
motion capture algorithm and biomechanical analysis. The experiment showed that the proposed 
physical fatigue assessment method could provide joint-level physical fatigue assessments 
automatically. Then, a series of experiments demonstrated the potential of the method in assessing the 
physical fatigue level of different construction task conditions such as site layout and the work-rest 
schedules. 
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1. Introduction 

Construction workers are prone to be fatigue due to the highly physical demanding tasks, confined 
workspace, and prolonged work durations without sufficient breaks (Fang et al., 2015). High physical 
workload and the resulting fatigue status have resulted in negative effects on workers’ health and 
efficiency. According to a survey in the US construction industry, 71% and 45% employers 
experiences productivity decreases and safety incidents resulting from fatigue (Cavazza and Serpe, 
2009). Fatigue has been proved to be the main factors of occupational injuries and illness (U.S. 
Bureau of Labor Statistics, 2016), absence from work (Punnett et al., 2004) and may even lead to 
deaths under harsh climate conditions (Ueno et al., 2018). In addition, the shortage of manpower and 
aging of the labor force bring new challenges to construction industry. According to Autodesk, 70% 
of construction firms have difficulties in finding enough qualified construction workers in the US 
(Autodesk, 2017). In Hong Kong, there is a shortage of 5,000 to 10,000 construction workers (Koch et 
al., 2015), and over 44% of the registered construction workers were aged over 50 (Y.K., Ng and 
Chan, 2015). The shortage and aging of workforces would increase the fatigue level of construction 
workers. Based on above evidences, fatigue prevention has been extremely important for improving 
construction workers’ health and performance. Efficient fatigue assessment is the foundation of 
fatigue prevention (Entzel, Albers and Welch, 2007).  
 
Fatigue represents tiredness and reduced functional capacity (Frone and Tidwell, 2015). “Tiredness” 
represents mental fatigue, i.e. the decrease of cognitive performance due to long periods of cognitive 
activity (Aryal, Ghahramani and Becerik-Gerber, 2017). “Reduced functional capacity” represents 
physical fatigue, also known as muscle fatigue, represents the inability of a muscle to main certain 
physical performance (Hagberg, 1981). This paper mainly focus on muscle fatigue, because (1) 
muscle fatigue could be quantified with physiological indicators or fatigue models; (2) muscle fatigue 
has clear relation with work conditions, such as construction size and external loads (González-Izal et 
al., 2012; Ma et al., 2015); (3) muscle fatigue has closed relations with work-related musculoskeletal 
disorders and injuries. This paper focuses on construction worker’s muscle fatigue. In the rest of the 
paper, “fatigue” represents “muscle fatigue” if there is no specific indication. 

 
Great efforts have been paid to assess construction worker’s fatigue. Self-report collects construction 
workers’ subjective feelings of fatigue through questionnaires, thus cannot provide objective and 
continuous data (Mitropoulos and Memarian, 2012; Zhang et al., 2015). Other methods applied 
wearable sensors. Such sensors could measure physical fatigue accurately, but the sensors are 
uncomfortable to wear and may hinder normal construction activities (Hermens et al., 2000). Recently, 
vision-based techniques have been applied to assess construction workers ergonomics based on 
posture data (Yan et al., 2017). The problem is that muscle fatigue is related to not only postures, but 
also external loads, self-capacity and working procedures. Fatigue can also be evaluated in virtual 
environments through biomechanical analysis software (Seo, Lee and Seo, 2016). However, 
construction tasks are highly-non-routinized. It is difficult to simulate real construction tasks with 
regular working patterns.  
 
In conclusion, the difficulties of muscle fatigue assessments for construction workers includes (1) 
collecting real-time data from construction sites in a non-invasive way and (2) assessing muscle 
fatigue in a comprehensive way. To solve the above problems, this paper aims to provide a novel 
approach for construction workers’ muscle fatigue assessment. It is the first time that construction 
workers muscle fatigue could be automatically assessed based real construction data. Compared with 
previous methods, the proposed method is (1) non-invasive: the data is collected with cameras and 
insoles, which will not hinder normal construction workers; (2) objective: the results are based on 
objective data rather than workers’ subjective feeling; (3) comprehensive: the method considers 
several fatigue causes, including poses, external loads, workers’ self-capacity. Because of the 
advantages, the method could provide accurate fatigue assessment results and be suitable to 
construction site environments.  
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The rest of the paper is arranged as follows. In section 2, previous studies on fatigue assessments were 
reviewed to reveal the research gaps and select suitable data collection methods. The proposed 
method is explained in section 3 and validated through the experiments in section 4. Then the 
experimental results and limitations were discussed in section 5. Finally, a conclusion is given in 
section 6. 

               2.Previous fatigue assessment methods 

As a main cause of safety accidents and low efficiency, fatigue has become a popular issue in various 
disciplines. In addition to construction management, other research fields, such as biomechanics and 
ergonomics, also interest in fatigue assessments. This section aims to find the research gaps through 
reviewing existing fatigue assessment methods.  
 
Self-report is a traditional fatigue assessment method, which collects workers’ subjective feeling 
about perceived fatigue levels through questionnaires. Borg RPE, for example, asks the workers to 
assess their fatigue level with a score from 6 to 20 (Borg, 1998). Self-report is easy to implement but 
the data is not objective. Besides, self-report can only provide the fatigue level after work, thus cannot 
provide the fatigue level during work status.  
 
For accurate and continuous fatigue assessments, wearable sensors were applied to measure fatigue 
level. A widely-used muscle fatigue indicator is surface electromyographic (sEMG). sEMG is a non-
invasive technique to measures the muscle electrical activity during muscle contraction and relaxation 
cycles (Alyea, 1966). The micro-electrical signals are captured with electrodes, then amplified, 
filtered and transferred to digital signals. When a muscle gets fatigue, the median frequency of the 
digital signal will decrease (Hermens et al., 2000). sEMG has been widely used in biomechanical and 
medical science to detect muscle fatigue (González-Izal et al., 2012). However, the method is not 
applicable on construction sites. The electrodes require direct touch with skins, which is not allowed 
on construction sites, and the accuracy will be affected if the worker sweats a lot. In addition, sEMG 
requires at least three electrodes to detect the fatigue of only one muscle, which limits the application 
in measuring construction workers’ whole-body fatigue. 
 
Simulation is another method to assess work fatigue. Simulation methods assess fatigue based on 3D 
(three-dimension) joint locations, ground reaction forces and biomechanical analysis. Since the 
musculoskeletal system of human body is extremely complex, simulation methods are usually realized 
though software tools such as 3DSSPP, OpenSim and AnyBody Modelling System (Delp et al., 2007; 
3D Static Strength Prediction Program, 2018; The AnyBody Modeling System, 2018). Simulation 
methods have been applied in construction industry and other industries to assess worker’s fatigue 
(Vignes, 2004; Seo et al., 2015; Seo, Moon and Lee, 2015). However, most of the simulation methods 
are based on regular work-rest schedules. Construction procedures, on the contrary, are highly 
irregular. As a result, although simulation-based method could provide detailed and accurate fatigue 
assessment methods, its constraints on working patterns limits the application in construction 
industry. 
 
In biomechanics, several muscle fatigue models have been built to predict muscle-level fatigue 
according to the fatigue development mechanism. For instance, a muscle fatigue level was propose 
based on Ca2+ cross-bridge mechanism, which focus on the muscle fatigue development process of 
quadriceps (Ding, Wexler and Binder-Macleod, 2000). Though the model can predict muscle fatigue 
correctly, it is not suitable for industrial application due to the high complexity (more than 20 
variables just for quadriceps). Another muscle fatigue model was developed based on the muscle 
force-pH relations (Giat, Mizrahi and Levy, 1993). However, this model only predicts the maximum 
muscle force capacity, instead of analyzing the muscle force development during working. A new 
model was proposed to predict physical fatigue based on joint torques (Ma et al., 2015). The model 
was first theoretically built based on the muscle motor fatigue development theory, then validated 
with a series of experiments (Ma et al., 2015; Seth et al., 2016).  
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In summary, simulation tools and fatigue models could provide accurate results on whole body level. 
The gap is motion data collection from construction workers. Recent progress in computer vision 
provides a possible solution to the data collection problem (Zhou et al., 2017). By combining 
computer vision-based pose data collection, biomechanical analysis and fatigue model, this paper 
aims to provide an accurate and non-invasive fatigue assessment for construction workers. 

 
Table 1: A summary of previous muscle fatigue assessment methods 

Assessment method Accuracy Body parts Environment Limitations  
Self-report Low  Whole body Sites Intermittent recording 

procedures 
sEMG Sensors High Certain 

muscles 
Lab Uncomfortableness due to the 

electrodes 
Simulation methods High Whole body Lab Regular working patterns 
Fatigue models High Whole body - - 

 

                                        3.Methodology 

The research aims to develop a three-step fatigue evaluation method for construction workers. First 
3D motion data was collected with computer vision automatically and non-invasively. Then given the 
exerted forced data and human body parameters, the muscle torques were calculated through 
biomechanical analysis. Finally, a muscle fatigue model was applied to assess the fatigue level.   

3.1 3D pose estimation from 2D images 

A computer vision method was used to estimate 3D pose data from 2D images, so that the workers’ 
motion data could be collected non-intrusively (Zhou et al., 2017). The method consists of two deep 
learning networks. The first network aims to identify the key joints (neck, shoulders, elbows, wrists, 
hips, knees and ankles) and estimate 2D locations of the joints. The basic structures of the network is 
stacked hourglass, which allows the network to capture both local information (joint recognition) and 
global information (human recognition) (Newell, Yang and Deng, 2016).  
 
The second network aims to estimate the 3D joint locations according to the 2D joint locations and 
joint length constraints. The network is trained to infer the depths of the joints so that the differences 
between estimated bone length and the standard bone length could be minimized. The network was 
trained on Human 3.6M dataset, which includes the accurate 2D and 3D joint locations of 3.6 million 
frames from 11 actors during 15 daily activities (Ionescu et al., 2014). However, as mentioned in the 
discussion session, peoples’ daily motion may differ from construction workers’ motion, which 
results in some failure cases of 3D pose estimation.  

                    3.2Muscle torque analysis based on biomechanics 

Basic mechanics were applied to calculate the joint torques based on workers’ 3D motion data. It is 
assumed that construction workers’ self-weight, height and the external loads (the weight of the 
materials or tools hold by the worker) were known. The length, weight and center of mass of each 
body segmentation was estimated based on the worker’s height and weight according to an 
anthropology database (Zheng, 2007). Considering the extreme complexity of the musculoskeletal 
system, the human body was simplified as a rigid lever system connected with hinges and tendons. 
Force balance equation and moment balance equation were applied here to calculate the joint and 
motion torques.   
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       3.3Muscle fatigue estimation based on muscle motor unit theory 

A muscle fatigue/recovery model was applied to estimate the muscle fatigue level according the joint 
torques and joint load history (Ma et al., 2010). The model is based on motor unit theory, which 
considers muscle fibers as the motor units to generate forces. There are three types of motor unites, 
two types of units generate large forces and lose capacity firstly, and then the third type of units could 
maintain smaller forces for a longer duration. During the recovery period, the first two types of motor 
units get capacity first, and then the third type gets recovered. Based on the above theory, the decease 
and recover of the muscle capacity should be first fast then slow. Eq.1 and Eq.2 depict the fatigue and 
recover process.  
 

 

 
Eq.1 

  Eq.2 
 

 is the maximum capacity of muscles, which is decided by age, gender and ethnicities (Shaunak 
et al., 1987; Meldrum et al., 2007).   represents the muscle forces at time u.  is the 
muscle capacity at time t. The decrease of muscle capacity reflects fatigue. k and R represent fatigue 
coefficient and recover coefficient. Both are assumed to be 1. 

                                4.Experiments and Results 

This experiment aims to validate the accuracy of the fatigue assessment method by comparing the 
calculated fatigue level with the subject’s sEMG signals.  

                                             4.1Experiment design 

Subjects: 3 health subjects, aged 20-30 years, was recruited to perform a simulated material handing 
task in a laboratory.   
 
Equipment: The subjects were wearing a sEMG monitor system (BioRadioTM Great Lakes 
NeuroTechnologies, US) to retrieve the sEMG data for measuring muscle fatigue. The system 
includes 5 electrodes and 1 physiological signal processor/transmitter. The 5 electrodes were attached 
to the subject’s right arm: two electrodes on biceps brachii, another two electrodes on brachialis, and 
the last electrode on the elbow. At the same time, an RGB camera captured the subject’s postures 
during the task, as shown in Figure 1.  
 
The simulated construction task: To ensure the accuracy of the heart rate monitor and the sEMG 
monitor, the experiment was conducted in a controlled laboratory environment (25�). After putting 
on the sEMG sensors, the participants were required to do a simulated material handling task with 
both arms. The material is a heavy box (6 kg, 37 cm * 33 cm * 26 cm). The task includes 6 rounds. In 
each round, the subject was asked to (1) lift the box from a working platform (4 m * 3m * 1m); (2) 
walk around the platform holding the box with both elbows at a right angle; (3) repeat the above steps 
for three times and rest for 5 seconds to start another round. 
 

   
Figure 1: The sEMG sensors and the simulated material handling task  
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Original data: The original data includes the demographic data of the three subjects (Table 2), sEMG 
data and video records data. The frequency of the sEMG signal is 1000 Hz. The frequency of the 
video data was 50fps. recorded every five seconds automatically by the heart rate monitor. 

 
Table 2: The demographic parameters of the experiment subjects 

Subject Height[m] Weight [kg] Age Gender 
#1 1.78 69.3 30 Male 
#2 1.70 61 24 Male 
#3 1.69 51 30 Male 

 

                                              4.2Experiment results 

The videos data and the demographic data were used to calculate the joint fatigue index.  The 
calculated fatigue index data contains the index of 8 key joints every 5 seconds. The median 
frequency of the sEMG signals were also calculated every 5 seconds with MATLAB Toolbox. After 
that, both the calculated fatigue data and the heart rate data were standardized by setting the initial 
value as 100. Figure 2-4 shows the experiment results. The upper figure depicts the current muscle 
capacity curve based on the proposed methodology; the lower one depicts the median frequency of 
sEMG. The shaded area represents work status, while the rest of the area represents rest status. It 
could be found that under work status, the estimated current muscle capacity decreases, and the 
median frequency of the sEMG signal was low, which means the muscles were getting fatigue. Under 
rest status, the estimated current capacity increased, and the median frequency of the sEMG signal 
was high, which means the muscles were getting recovered. The synchronization between the current 
muscle capacity and the sEMG median frequency demonstrates that the proposed methodology could 
reflect muscle fatigue. 
 

 

 
Figure 2: The current muscle capacity and the sEMG median frequency of subject No.1 
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Figure 3: The current muscle capacity and the sEMG median frequency of subject No.2 
 
 

 
Figure 4: The current muscle capacity and the sEMG median frequency of subject No.3 

 

                                               5.Discussion 

An automatic and non-invasive muscle-fatigue assessment method for construction workers was 
proposed in this paper. An experiment was conducted to demonstrate the feasibility and accuracy of 
the methodology. The results showed that the proposed method could provide continuous muscle 
fatigue assessment from the view of muscle capacity. The comparison between the calculated muscle 
capacity and the sEMG median frequency shows that the proposed method could reflect the muscle 
fatigue. Compared with the previous methods, the proposed method could collect workers motion data 
non-invasively and provide muscle fatigue assessment based on the motion data, instead of using 
uncomfortable wearable sensors. The non-invasive data collection and the objective make it possible 
to apply muscle fatigue assessment for construction workers on real construction sites. If applied on 
construction sites, the method could provide continuous fatigue assessment for each worker based on 
video frames and the workers anthropology parameters. In addition, the fatigue assessment result 
could serve as the foundation for data-based site managements, such as designing work platform and 
scheduling work-rest schedules for a more safe and healthy construction working environment. 
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The proposed method, however, has the following limitations. First, the method assumed that the 
workers’ motions were slow and steady, so the acceleration was not taken into consideration, which 
may result in the underestimation of construction workers. The reason is that the vision-based 3D 
pose estimation method is not accurate enough to support the estimation of velocity and acceleration 
based on the trajectories of 3D joint poses. Secondly, the experiment only validated two muscles 
(biceps brachii and brachialis) during material handling. Real construction motions usually involve 
more complex and larger number of muscles, which increases the complexity of biomechanical 
analysis.  
 
Based on above limitations, future studies should focus on the dynamic analysis of human body and 
detailed muscle biomechanical analysis. The dynamical analysis of human body requires extremely 
high accurate motion data analysis methods. It is very difficult for computer vision-based motion 
capture algorithms to satisfy such high accuracy. As a result, comfortable and economic sensors 
would be a possible solution for construction workers motion data analysis. For detailed muscle 
biomechanical analysis, the combination of human body simulation tools (such as OpenSim) (Delp et 
al., 2007) and accurate 3D pose data would be a possible solution. 

                                              6.Conclusion 

A non-invasive and automatic muscle fatigue assessment method for construction workers was 
proposed in this paper. In data collection period, the method utilizes the state-of-art computer vision 
algorithms to collect 3D motion data non-invasively and continuously. In fatigue analysis period, the 
method combines biomechanics and muscle fatigue models to provide objective fatigue assessment 
results. An experiment demonstrated the feasibility of the proposed methodology. The methodology 
makes it possible to assess construction workers muscle fatigue based on objective, big and real data, 
rather than subjective, small and simulated data. This would benefit the health of construction workers 
through improve site layouts or work-rest schedules. However, there still exist some gap between the 
current research and real on-site applications, including more accurate motion data collection methods 
and detailed muscle-level biomechanical analysis. Comfortable wearable sensors and biomechanical 
simulation tools would be helpful to solve the above limitations. 
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