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Abstract: Health and safety in construction are critical concerns, and exoskeletons present a promising solution to mitigate these issues. 
Designed to improve the ergonomics of wearers, exoskeletons are increasingly used across various industries. While this technology is 
relatively new to the Sri Lankan construction sector, it is already employed in many developed countries. The research aims to develop a 
conceptual framework for implementing exoskeletons among construction workers in Sri Lanka. A comprehensive literature review was 
conducted to assess the impact of exoskeletons on worker health and safety, emphasizing their ergonomic benefits and potential barriers 
to adoption. Findings indicate that exoskeletons have significant potential in reducing work-related musculoskeletal disorders (WMSDs) 
when properly integrated into construction tasks. The study proposes a conceptual framework that assists managers in selecting suitable 
exoskeleton types and tasks, aiming to enhance worker safety and productivity. This framework contributes to the construction industry 
by offering a structured approach to implementing exoskeletons, thereby addressing unique sector challenges and improving overall 
occupational health outcomes. Future research should focus on practical implementations and further exploration of barriers and 
facilitators to optimize exoskeleton adoption in construction contexts. 
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1. Introduction  
 
Workers are exposed to a wide range of hazardous substances that have the potential to cause serious health and 
occupational diseases (Gupta, 2021). According to the Occupational Safety and Health Administration (2018), health hazards 
include chemical hazards, biological hazards (infectious diseases), physical hazards, and ergonomic risk factors (repetitive 
motions, heavy lifting, vibration).  Accidents at construction sites can result in lasting physical injuries, illnesses, and deaths, 
and often cause construction workers to retire early due to overexertion and work-related musculoskeletal disorders 
(WMSD) (Anton, Mizner and Hess, 2013; Salim et al., 2017). As an approach to human-oriented work design, ergonomics is 
the study of human interaction with the surrounding environment to improve human safety (Golabchi et al., 2018). 
Furthermore, health and safety(H&S) problems impact productivity, cost for the companies, the quality of work, and the 
economy (Nnaji and Karakhan, 2020; Rosen and Isabella, 2022). Hence, there is a need to identify causes for H&S issues to 
implement the solution. Further, Ahamed et al. (2011) explain that operating without guidance, not wearing personal 
protective equipment, and working with moving machinery also cause these problems. Due to these reasons, it is obvious 
that health and safety must be properly managed using new technologies.  
 

Therefore, Mihić et al. (2019) analyze the importance of considering innovative models for construction place safety. 
Accordingly, building information modelling (BIM) (Martínez-Aires, López-Alonso and Martínez-Rojas, 2018), and 4D 
computer-aided design (4D CAD) (Mihić, Vukomanović and Završki, 2019) can be implemented as solutions for these issues. 
In addition, Bock et al. (2012), Petrullo et al. (2017), and  Teizer (2015) highlighted that digital technologies include Virtual 
reality (VR), unmanned aerial vehicles, online databases, geographic information systems (GIS), exoskeletons and sensor-
based technology such as accident prevention and on-site safety. Exoskeletons can reduce physical demand and fatigue of 
body parts and achieve high user acceptance (Gonsalves et al., 2021). Therefore, exoskeleton ergonomics is a great solution 
to mitigate health and safety problems (Kim et al., 2019; Okpala et al., 2022; Rosen and Isabella, 2022). 

 
Anastasi et al. (2019) define exoskeletons which were invented by the Russian scientist “Nicholas Yang” in 1890 as 

electromechanical devices worn by a human operator designed to enhance or assist physical activity by generating forces 
or torques on human joints. The exoskeleton increases performance through ergonomics support which improves 
performance through human-machine interaction with load-carrying capacity, decreasing metabolic expenditure, or 

running at a faster pace (Bridger, 2008; Anastasi et al., 2019; Rosen and Isabella, 2022). Bogue (2018) explains the 
exoskeleton's primary purpose is to prevent occupational injuries and associated financial consequences. The lighter weight,  
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smaller size, and less hardware are vital in working with them (Mertz, 2012). A fully automated system can be the solution 
to this problem, nevertheless, a fully automated system is that it is not always possible, since it is not suitable for all the 

work and is expensive (de Looze et al., 2016).  
 

There is research conducted by Gunasekara et al. (2012) on the “Control methodologies for upper limb exoskeleton 
robots” for the manufacturing industry in Sri Lanka. However, there is a lack of research on exoskeletons for construction 
workers' health and safety in the Sri Lankan context. Therefore, this research aims to develop a framework for exoskeleton 
implementation for construction workers. The structure of the paper is as follows: It begins with an outline of the 
methodological approach. This is followed by the presentation of research findings, derived from an extensive literature 
review. Finally, the paper concludes with a summary and suggestions for future research. 

 
2. Methodology  
 
A background study was undertaken to explore the potential of utilizing exoskeletons to improve health and safety 
conditions for construction workers. This preliminary investigation highlighted the necessity of conducting a detailed study 
focused on implementing exoskeleton technology within the construction industry to enhance health and safety standards. 
As part of this process, a comprehensive literature review was conducted to synthesize existing research, since it helps 
establish the theoretical foundation and contextual background necessary for the study (Creswell, 2009). Thus, to have a 
thorough grasp of exoskeleton ergonomics, this research is based on the results of a literature analysis. Further, to 
summarize the results, the literature was critically assessed. To identify the idea of exoskeleton, applications, available types, 
benefits, and barriers in the construction sector, comprehensive literature research was undertaken by consulting books, 
papers, theses, journals, magazines, and conference proceedings. Thus, literature review followed a stringent screening 
process, concentrating on studies pertinent to 'exoskeletons in construction', 'ergonomics', and 'safety benefits'. Peer-
reviewed articles, theses, and conference proceedings accessible through databases such as Scopus, Google Scholar, 
Emerald, and Science Direct were included. Approximately 150 sources were examined to ensure relevance and high quality, 
with outdated or non-peer-reviewed materials excluded from consideration. The collected data from the literature review 
was analysed using the content analysis method since this method has a straightforward criterion for categorising data to 
improve the contextual significance (Kyngäs, 2020). A conceptual framework was developed from the findings since it acts 
as an important research element that assists further investigations on the research area (Martín et al., 2019). 

 
3. Results & Findings 
 
3.1 HEALTH AND SAFETY IN THE CONSTRUCTION INDUSTRY  
Mihić et al. (2019) highlighted that the construction industry is one of the most dangerous industries to work in and H&S is 
the most critical aspect. Due to hazardous work environments on construction sites, workers are frequently exposed to 
potential safety and health risks throughout the construction process. Giri (2020) defines health as the protection of the 
body and mind of people from diseases brought about by the materials, methods, or processes used in work. Safety is about 
protecting people from physical injury. Further, safety is defined as protecting people from physical injury (OSHA, 2021). 
These two terms are usually combined to express concern for the employee's physical and mental health at work (Giri, 
2020). According to the Occupational Safety and Health Administration (OSHA) (2021), H&S in construction is a set of 
practices, regulations, and measures for protecting the well-being and safety of workers, contractors, and the public during 
construction activities. The boundary between H&S is ill-defined and the two words are usually used together to refer to the 
concern for the physical and mental well-being of the individual in the workplace (Huges & Ferrett, 2016). This 
understanding transitions seamlessly into a focused exploration of its applications within the construction industry. 
 

The scope of H&S has grown continuously, considering changes in the economy, technology, politics, and society. Since 

each employee shares this commitment, everyone will gain from a safe work environment (Khoso et al., 2017). Therefore, 
the critical importance of health and safety in construction lies in its fundamental role in safeguarding workers' well-being 
and mitigating risks, emphasizing the necessity of a comprehensive framework for a secure construction environment. 
 
3.2 INTRODUCTION TO EXOSKELETON 
The field of human factors plays a crucial role in studying, assessing, and improving the exoskeleton design to improve the 
human-exoskeleton interface (Kuber and Rashedi, 2021). Wearable robots known as Exo interact closely with humans both 
physically and cognitively (Pons, 2010). These are rigid robotic exoskeletal structures that typically operate alongside 
human limbs (Pons, 2008).  According to Constantinescu et al. (2019), the main objective of EXO is the optimization of human 
ergonomics and the production system. An exoskeleton is a mechanical apparatus designed to enhance the ergonomic and 
biomechanical performance of the wearer while reducing the physical strain associated with specific tasks or activities 
(Rosen and Isabella, 2022). Figure 1 demonstrates how construction workers in developed countries use exoskeletons to 

make material handling work efficient and safe. 
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Figure 1: Exoskeleton application for the construction industry (Source: Timken World, 2022) 
 

    The primary objectives of an exoskeleton are to improve user comfort, reduce the risk of injury, enhance physical 
capabilities, and optimize efficiency in a range of applications, from manual labour to medical rehabilitation. Therefore, this 
review article employs human factors principles to identify, classify, and offer potential design improvements in 
exoskeletons, considering the ergonomics between the wearer and the device. The main benefit of the application of an 
exoskeleton above any type of robot system (classical robots, full-automation systems, or humanoid robots), would be that, 
specifically in dynamic environments, one will fully profit from the human’s creativity and flexibility, while there is thus no 
need for robot programming or teaching of robots (de Looze et al., 2016). These products are often heavy and used for longer 
periods, increasing the risk of causing fatigue and strain disorders. WMSDs are costly for companies and negatively impact 
the worker’s quality of life. Golabchi et al. (2018) suggest that to increase the safety of the workplace, investigating how 
ergonomic aids could be used and developed for this industry is necessary. The exploration of ergonomic exoskeletons 
naturally segues into an in-depth examination of the various types available, fostering a comprehensive understanding of 
the diverse landscape within this innovative field. 
 
3.3 TYPES OF EXOSKELETONS 
Exoskeletons come in different types, powered for enhanced strength, passive for mechanical support, full-body or partial 

designs, and contrast between soft, flexible models and rigid, solid structures (Ren et al., 2021). The two primary categories 
of exoskeletons are typically passive and active exoskeletons (Rosen and Isabella, 2022). McFarland and Fischer (2019) 
highlighted that the effectiveness and efficiency of exoskeletons can be strengthened, and samples representative of 
industrial workers can be included to improve the quality of the research.  A passive exoskeleton relies on the user providing 
the energy necessary to maintain postures or movements, whereas an active exoskeleton has external sources, like batteries, 
that supply extra energy (Rosen and Isabella, 2022). Compared to active exoskeleton systems, these passive exoskeleton 
systems do not require force to support the human body, and thus, are lighter in weight and present fewer safety risks to 
users (Rosen & Isabella, 2022). 
 

According to their purpose of use, there are two types of exoskeletons available: load augmentation and gait assistance. 
Another name for load augmentation is strength augmentation which is a wearable robotic device intended to improve a 
wearer's physical strength and capabilities, especially when it comes to tasks that require an able-bodied person to lift heavy 
objects for extended periods (Singla et al., 2016). Gait assistance for able and disabled persons enables them to perform 
various mobility tasks for normal daily living activities independently (Singla, Virk and Dhand, 2016). This technology aims 
to provide support, stability, and improved mobility to users who may experience difficulties with walking due to various 
reasons, such as injury, disability, or age-related issues. 

 
Additionally, there are two other types of exoskeletons: back supporting and upper/lower limb exoskeletons. Back-

supporting exoskeletons are used to reduce the risk of lower back pain and injury for workers in various possible application 

sectors, including assembly in automotive and aerospace, logistics, construction, healthcare, and agriculture (Anastasi et 

al., 2019). Upper limb exoskeletons are used to minimize workers' mechanical exposure to both short-term and long-term 
occupational risk factors and to guarantee that manual labour complies with ergonomic principles (Spada et al., 2017).  

 
3.4 THE POTENTIAL BENEFITS OF EXOSKELETON ERGONOMICS IMPLEMENTATION FOR CONSTRUCTION WORKERS 
The construction industry is labour-intensive and construction workers are frequently involved in manual handling tasks 
for material lifting or hauling, plastering, paving, surfacing, scaffolding, and other activities. The continual engagement in 
such physically demanding tasks exposes the workers to significant risk for WMSDs (Bennett et al., 2023). According to the 
study of Kim et al. (2019), exoskeletons held the promise of helping individuals complete their tasks more quickly and with 
less physical exertion, ultimately making their work more manageable. Moreover, almost all believed that using 
exoskeletons could significantly reduce the incidence of musculoskeletal injuries and disorders Babalola et al. (2023), which, 
in turn, could play a crucial role in retaining workers within the industry. Babalola et al. (2023) investigate that exoskeletons 
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can address issues such as heavy lifting, twisting, and repetitive turning, making the workplace more ergonomically sound 
and allowing workers to work at a faster pace while maintaining their health and longevity. According to the authors main 
benefit workers achieve is the reduced maximal activity of trunk extensor Figure 2 shows how construction workers use 
exoskeletons for different applications.  
 

 
 

Figure 2: Exoskeleton application for the construction industry (Source: (HILTI Production, 2023)  

As Figure 2 exoskeletons can provide valuable support and assistance to maintain proper body postures and facilitate 
movements while working, workers are expected to perform their tasks more easily and effectively. muscles during 
repetitive lifting (Kim et al., 2018; Alemi et al., 2020; Zhu, Dutta and Dai, 2021). Therefore, Exoskeletons have proven 
invaluable in enhancing the health and safety of construction workers by addressing ergonomic challenges (Rosen and 
Isabella, 2022). Table 1 highlights the potential effects of these technologies on improving overall working conditions in the 
construction industry by demonstrating how exoskeletons can improve ergonomic conditions and thus improve the safety 
and well-being of construction workers. 

 
Table 1: Benefits of Exoskeletons to construction workers 

 
No Construction 

Worker 
Benefits References 

1 Electrician Lowering the peak loading on the shoulders [1] 
Reducing overall muscle activity for static/repetitive overhead task [5], [6] 
Address body tension from twisting and reaching overhead, contact stress 
on the knees, and forceful effort when using a particular tool. 

[5], [6] 

2 Carpenter Lowering the peak loading on the shoulders [1] 
Lowering the peak loading on the knees, forceful exertion while 
assembling, dissembling, lifting & carrying 

[2], [3], [9] 

3 Heating A/C  
mechanic 

Repetitive bending, working with hands and arms above shoulder level, 
and exertion when handling heavy equipment be addressed. 

[1] 

4 Labourer Address repetitive bending, forceful exertion, and repetitive motion in 
manual material handle, & contact stress in kneeling 

[1], [3], [9] 

5 Plumber Alleviate muscle strain and sprain due to heavy lifting, pulling, pushing, 
pipe fitting, and considerable work overhead  

[1], [3] 

Safety at heights and adaptability to operate in small, tight spaces [5], [6] 
6 Welder Alleviate long-time use of metal inert gas (MIG) guns, forceful pushing, 

pulling, and heavy lifting, and contact stress of knees.  
[1], [3] 

void's flammability and adaptability to operate in a small area [5], [6] 
7 Brickman Reducing peak activity of trunk extensor muscles in repetitive lifting [1], [2] 

Assist masonry workers in lifting and carrying heavy bricks and blocks, 
reducing the risk of back injuries & muscle strain 

[2] 

8 Plasterer Assist in working above shoulder & reaching overhead, working below 
knee level, and working when kneeling 

[1] 

9 Concreter Reduce Back pain, shoulder, wrist region, and neck [1] 
[1] - (Zhu, Dutta and Dai, 2021), [2] - (Alemi et al., 2020), [3] - (Alabdulkarim and Nussbaum, 2019), [4] - (Marino, 2019), 
[5] - (Van Engelhoven et al., 2019), [6] - (Kim et al., 2018), [7] -(Rosman and Mahmud, 2021), [8] - (Gopura et al., 2023), 
[9] - (Gutierrez et al., 2024) 
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Table 1 outlines the benefits of implementing Exo for various construction worker roles. Each row represents a different 
occupation, detailing the advantages of EXOs in addressing particular ergonomic challenges. According to the table main 
benefit workers achieve is the reduced maximal activity of trunk extensor muscles during repetitive lifting (Kim et al., 2018; 
Alemi et al., 2020; Zhu, Dutta and Dai, 2021). Therefore, Exoskeletons have proven invaluable in enhancing the health and 
safety of construction workers by addressing ergonomic challenges (Rosen and Isabella, 2022). 

 
3.5 BARRIERS TO EXOSKELETON ERGONOMICS ON H &S IN CONSTRUCTION WORKERS 
Exoskeletons provide significant benefits such as augmenting physical force, offering support, facilitating task completion, 
reducing muscle exertion, and enhancing overall performance. However, several barriers must be addressed to ensure their 
effective implementation (Kuber & Rashedi, 2021). Currently, there are no established safety inspection protocols for 
exoskeletons to ensure the safe use of these devices. According to Bennett et al. (2022), if a device fails while performing a 
task, there may be severe safety consequences. When a worker is constantly performing heavy-duty work while wearing an 
exoskeleton, a worker might develop a misconception regarding his/her capability. This misconception about personal 
augmented capability might lead to the worker intuitively performing heavy work when not wearing an exoskeleton, which 
could result in injury (Bennett et al., 2022). An issue that was raised was that it looked like the harnesses that are worn 
when working at higher heights, which often are considered uncomfortable to wear. Although it was described that they get 
used to wearing it after some time, many people are still hesitant to wear it (Rosen and Isabella, 2022).  
 

Another significant barrier is financial barriers. In practical terms, the costs associated with the equipment, automation, 
and training necessary for exoskeleton implementation can limit their widespread adoption (Okpala et al., 2022).  As 
exoskeletons have not been widely used in the construction industry, the potential returns on investment (ROI) and even 
how to estimate ROI are unknown. For this reason, the industry is hesitant about investing in exoskeletons without having 
a proven ROI. Further, if the device's use requires learning, is time-consuming or space-consuming, loads are within the 
operator's strength, movement is restricted, or any of these reasons, the operator may choose not to use it (Kuber & Rashedi, 
2021).  

 
One notable drawback lies in the inherent restriction of movement imposed by the exoskeleton design which limits a 

person’s ability to perform various common activities such as running and stair descent, decreasing locomotion 
performance (Yandell, Tacca and Zelik, 2019). The rigid structure, while offering support, can pose limitations on the natural 
range of motion, potentially hindering the fluidity of certain tasks. Additionally, users may experience discomfort 
attributable to the exoskeleton's structure, as prolonged wear may lead to pressure points or chafing, highlighting the 
importance of ergonomic considerations in the design (Okpala et al., 2022). Nnaji & Karakhan (2020) explains that the 
process of donning the devices can be complicated, demanding additional time and effort from users. Simplifying this aspect 
can significantly contribute to the seamless integration of exoskeletons into various work environments.  

 
The weight of devices is a relevant concern (Okpala et al., 2022). Designed to increase human capabilities, the added 

weight can become a contributing factor to user fatigue over long periods. Addressing this aspect by exploring lightweight 
materials or optimizing structural design can improve user comfort and extend the duration of effective use (Bennett et al., 
2022). Recognizing the challenges associated with exoskeleton technology underscores the importance of implementing 
strategic approaches to overcome these barriers (Bennett et al., 2022). By proactively addressing these challenges through 
strategic advancements, we can tailor exoskeleton to better align with our intended purposes, ensuring that these devices 
not only meet industry needs but also provide a seamless and user-friendly solution for enhanced productivity and 
occupational well-being.  

 
3.6 STRATEGIES FOR EXOSKELETON ERGONOMICS TO IMPROVE H &S IN CONSTRUCTION WORKERS 
The implementation of exoskeleton ergonomics faces obstacles that warrant exploration, particularly concerning the health 
and safety of construction workers. To overcome these barriers, several areas need improvement, and various strategies 
can be employed to address these barriers. Huysamen et al. (2018) suggest a longer training phase could be implemented 
before the use of the device so that users are more familiar and comfortable with the exoskeleton. Testing protocols are 
essential to ensure the safety of exoskeleton devices and prevent accidents when performing tasks with them (Jia-Yong et 
al., 2020). A specific inspection and maintenance schedule may be desirable to detect wear and tear and malfunctions 
promptly and perform necessary repair and replacement activities to ensure exoskeleton safety (Bennett et al., 2022).  
 

Compounding these form-factor concerns is the potential issue of artificial joints in exoskeletons, which, if misaligned, 
can negatively impact user performance and comfort (Yandell et al., 2019). Therefore, innovative designs have been 
developed to reduce physical bulk and range-of-motion restrictions. Another potential solution is to offer manufacturers 
partnership training programs with trade schools, contractors, associations, and apprentice training programs to increase 
awareness and knowledge of exoskeletons and their use in industry (Bennett et al., 2022). Providing workers with 
opportunities to utilize exoskeleton products beyond conventional workplaces, such as in home remodelling projects, can 
yield substantial benefits. When workers can apply exoskeletons in varied contexts, they acquire invaluable hands-on 
experience that transcends the limitations of their typical work environments (Constantinescu et al., 2019). Bennett et al. 
(2022) describe this exposure not only allows them to familiarize themselves with the capabilities and limitations of the 
technology but also encourages a more nuanced understanding of its practical applications. In addition, this approach fosters 
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a sense of ownership and comfort with the technology, contributing to a seamless integration of exoskeletons into their 
professional repertoire (Bennett et al., 2022). Exoskeletons can be incorporated into high school and college curricula to 
build awareness among students before they join the workforce as professionals upon graduation. Providing students with 
access to exoskeletons will enable them to study, experiment with, and evaluate the technology. This approach will 
ultimately help bridge the knowledge gaps regarding the use of exoskeletons and enhance the development of exoskeleton 
products, thereby making them more viable for application in the construction industry (Okpala et al., 2022).  

 
Further, encourage research and development to make exoskeletons more cost-effective through advancements in 

materials, manufacturing processes, and economies of scale (Jia-Yong et al., 2020). Implement awareness campaigns 
highlighting the positive impact of exoskeletons on health, safety, and productivity. Showcasing successful case studies and 
testimonials can effectively demonstrate the benefits and practical applications of exoskeletons (Bennett et al., 2022). 
Additionally, construction businesses can deepen their understanding of exoskeleton technology by collaborating with 
exoskeleton experts, who can also facilitate trials within companies (Bennett et al., 2022).  

 
3.7 CONCEPTUAL FRAMEWORK 
Through the literature survey, it became apparent that there is a need to identify the potential of exoskeletons for 
construction workers. The conceptual framework, shown in Figure 3, was developed based on the findings from the 
literature review and aims to address the barriers and strategies identified. This framework provides a structured approach 
to understanding and implementing exoskeletons in the construction industry, with components derived directly from key 
findings. 
 

 
Figure 3: Conceptual Framework 

This framework provides a comprehensive approach to understanding and implementing exoskeletons in the 
construction industry to enhance health and safety outcomes. It categorizes various construction trades, including 
bricklayers, electricians, and plumbers, and highlights the specific benefits and potential barriers to exoskeleton 
implementation for each group. The framework addresses multiple barriers to implementation, such as safety concerns, 
trade professional issues, financial constraints, and other challenges. Further, it suggests strategies to overcome these 
obstacles, such as utilizing exoskeletons solely for intended tasks, providing robust evidence of their benefits, developing 
inspection protocols, and establishing best practices for regulation and safety. 

 

4. Conclusion 
 
In conclusion, the use of exoskeletons in the construction industry has demonstrated significant potential in reducing 
WMSDs, with their effectiveness being closely tied to ergonomic design and compatibility with natural worker movements. 
Health and safety are prioritized over productivity, underscoring the need for exoskeletons to address lifelong injuries faced 
by construction workers. This study has developed a framework aimed at implementing exoskeleton ergonomics to 
minimize health and safety issues, assisting managers in selecting suitable exoskeleton types and applications for specific 
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tasks. By evaluating the positive influence of exoskeletons on enhancing health and safety within the industry, the proposed 
conceptual framework aims to enhance worker safety and productivity, leveraging the benefits of exoskeleton technology 
to address the unique challenges of the construction sector. 
 

The conceptual framework consolidates insights from the study's findings and serves as a guide for further research and 
practical applications, particularly for implementing exoskeletons to address ergonomic challenges within construction. 
Furthermore, future researchers need to comprehend the enablers, barriers, and strategies for exoskeleton applications 
practically to address the research gap in employing exoskeleton applications to improve the health and safety of the 
construction industry. Understanding these factors will facilitate the successful integration of exoskeleton technology, 
ultimately enhancing the well-being of construction workers and advancing industry practices. Practically, the study 
provides valuable insights for industry practitioners on utilising exoskeletons in construction projects. It highlights the 
importance of adhering to innovative concepts such as biomimicry inspirations, which positively impact worker health and 
safety. Despite the numerous benefits, several barriers to exoskeleton implementation need addressing to ensure successful 
adoption. Further research is necessary to identify appropriate solutions for these barriers, with additional studies 
recommended to practically assess exoskeleton applicability in construction. Future research should focus on a detailed 
exploration of enablers, barriers, and strategies for effectively applying exoskeletons to overcome health and safety issues 
in the construction industry. 

 

5. References 
 
Ahamed, S., Nafeel, A.F.M., Rishath, A.A.M. and Dissanayake, P.B.G. (2011) Site Safety of Sri Lankan Building 

 Construction Industry. 
Alabdulkarim, S. and Nussbaum, M.A. (2019) ‘Influences of different exoskeleton designs and tool mass on physical  

demands and performance in a simulated overhead drilling task’, Applied Ergonomics, 74, pp. 55–66. Available at: 
https://doi.org/10.1016/j.apergo.2018.08.004. 

Alemi, M.M., Madinei, S., Kim, S., Srinivasan, D. and Nussbaum, M.A. (2020) ‘Effects of Two Passive Back-Support  
Exoskeletons on Muscle Activity, Energy Expenditure, and Subjective Assessments During Repetitive Lifting’, Human Factors: 
The Journal of the Human Factors and Ergonomics Society, 62(3), pp. 458–474. Available at: 
https://doi.org/10.1177/0018720819897669. 

Anastasi, S., Toxiri, S., Näf, M.B., Lazzaroni, M., Fernández, J., Sposito, M., Poliero, T., Monica, L., Caldwell, D.G. and Ortiz, J.  
(2019) ‘Back-Support Exoskeletons for Occupational Use: An Overview of Technological Advances and Trends’, IISE Transactions 
on Occupational Ergonomics and Human Factors, 7(3–4), pp. 237–249. Available at: 
https://doi.org/10.1080/24725838.2019.1626303. 

Anton, D., Mizner, R.L. and Hess, J.A. (2013) ‘The Effect of Lift Teams on Kinematics and Muscle Activity of the Upper  
Extremity and Trunk in Bricklayers’, Journal of Orthopaedic & Sports Physical Therapy, 43(4), pp. 232–241. Available at: 
https://doi.org/10.2519/jospt.2013.4249. 

Babalola, A., Urhal, P., Manu, P., Bartolo, P.J., Cheng, C., Kalthungo, A., Perera, S., Gao, S., Francis, V. and Cole, V. (2023)  
‘Application of exoskeletons for occupational safety and health management in construction A systematic review’, in Handbook 
of construction safety, health, and well being in the industry 4.0 Era. 1st edn, p. 16. 

Bennett, S.T., Han, W., Mahmud, D., Adamczyk, P.G., Dai, F., Wehner, M., Veeramani, D. and Zhu, Z. (2023) ‘Usability and  
Biomechanical Testing of Passive Exoskeletons for Construction Workers: A Field-Based Pilot Study’, Buildings, 13(3), p. 822. 
Available at: https://doi.org/10.3390/buildings13030822. 

Bennett, S.T., Zhu, Z., Adamczyk, P.G., Wehner, M., Veeramani, D., Dai, F. and Mahmud, D. (2022) ‘Identifying Facilitators,  
Barriers, and Potential Solutions of Adopting Exoskeletons and Exosuits in Construction Workplaces’, Sensors, 22(24), p. 9987. 
Available at: https://doi.org/10.3390/s22249987. 

Bock, T., Linner, T. and Ikeda, W. (2012) ‘Exoskeleton and Humanoid Robotic Technology in Construction and Built  
Environment’, in R. Zaier (ed.), pp. 111–146. 

Bogue, R. (2018) ‘Exoskeletons – a review of industrial applications’, Industrial Robot: An International Journal, 45(5),  
pp. 585–590. Available at: https://doi.org/10.1108/IR-05-2018-0109. 

Bridger, R.S. (2008) Introduction to Ergonomics. London: Routledge.  
Available at: https://doi.org/https://doi.org/10.1201/b12640. 

Cho, Y.K., Kim, K., Ma, S. and Ueda, J. (2018) ‘A Robotic Wearable Exoskeleton for Construction Worker’s Safety and Health’,  
in Construction Research Congress 2018. Reston, VA: American Society of Civil Engineers, pp. 19–28. Available at: 
https://doi.org/10.1061/9780784481288.003. 

Constantinescu, C., Rus, R., Rusu, C.A. and Popescu, D. (2019) ‘Digital twins of exoskeleton-centered workplaces: Challenges  
and development methodology’, in Procedia Manufacturing. Elsevier B.V., pp. 58–65. Available at: 
https://doi.org/10.1016/j.promfg.2020.01.228. 

Creswell, J.W. (2009) Research design : qualitative, quantitative, and mixed methods approaches. Sage. 
Van Engelhoven, L., Poon, N., Kazerooni, H., Rempel, D., Barr, A. and Harris-Adamson, C. (2019) ‘Experimental Evaluation of  

a Shoulder-Support Exoskeleton for Overhead Work: Influences of Peak Torque Amplitude, Task, and Tool Mass’, IISE 
Transactions on Occupational Ergonomics and Human Factors, 7(3–4), pp. 250–263. Available at: 
https://doi.org/10.1080/24725838.2019.1637799. 

Golabchi, A., Guo, X., Liu, M., Han, S., Lee, S. and AbouRizk, S. (2018) ‘An integrated ergonomics framework for evaluation  
and design of construction operations’, Automation in Construction, 95, pp. 72–85. Available at: 
https://doi.org/10.1016/j.autcon.2018.08.003. 

Gonsalves, N.J., Ogunseiju, O.R., Akanmu, A.A. and Nnaji, C.A. (2021) ‘Assessment of a passive wearable robot for reducing  



 
 
FARU Proceedings - 2024 

50 

low back disorders during rebar work’, Journal of Information Technology in Construction, 26, pp. 936–952. Available at: 
https://doi.org/10.36680/j.itcon.2021.050. 

Gopura, R.A.R.C., Widanage, K.N.D., Wijegunawardana, I.D., Ranaweera, R.K.P.S. and Perera, S. (2023) ‘Exoskeletons for  
Manual Handling: A Scoping Review’, IEEE Access, 11, pp. 115568–115598. Available at: 
https://doi.org/10.1109/ACCESS.2023.3323249. 

Gunasekara, J.M.P., Gopura, R.A.R.C., Jayawardane, T.S.S. and Lalitharathne, S.W.H.M.T.D. (2012) ‘Control methodologies for  
upper limb exoskeleton robots’, in 2012 IEEE/SICE International Symposium on System Integration (SII). IEEE, pp. 19–24. 
Available at: https://doi.org/10.1109/SII.2012.6427387. 

Gupta, R.K. (2021) ‘A study on occupational health hazards among construction workers in India’, International Journal of  
Enterprise Network Management, 12(4), pp. 325–339. Available at: https://doi.org/10.1504/IJENM.2021.119663. 

Gutierrez, N., Ojelade, A., Kim, S., Barr, A., Akanmu, A., Nussbaum, M.A. and Harris-Adamson, C. (2024) ‘Perceived benefits,  
barriers, perceptions, and readiness to use exoskeletons in the construction industry: Differences by demographic 
characteristics’, Applied Ergonomics, 116. Available at: https://doi.org/10.1016/j.apergo.2023.104199. 

HILTI Production (2023) EXO-S Shoulder Exoskeleton - Shoulder Exoskeleton - Hilti USA. Available at:  
https://www.hilti.com/c/CLS_EXOSKELETON_HUMAN_AUGMENTATION/CLS_UPPERBODY_EXOSKELETON/CLS_SUB_UPPER
BODY_EXOSKELETON/r14012433 (Accessed: 4 December 2023). 

Huysamen, K., Bosch, T., de Looze, M., Stadler, K.S., Graf, E. and O’Sullivan, L.W. (2018) ‘Evaluation of a passive exoskeleton  
for static upper limb activities’, Applied Ergonomics, 70, pp. 148–155. Available at: 
https://doi.org/10.1016/j.apergo.2018.02.009. 

Jia-Yong, Z., Ye, L., Xin-Min, M., Chong-Wei, H., Xiao-Jing, M., Qiang, L., Yue-Jin, W. and Ang, Z. (2020) ‘A preliminary study of  
the military applications and future of individual exoskeletons’, Journal of Physics: Conference Series, 1507(10), p. 102044. 
Available at: https://doi.org/10.1088/1742-6596/1507/10/102044. 

Khoso, A.R., Akhund, M.A., Memon, A.H., Siddiqui, F. and Khahro, S.H. (2017) Health and Safety of Hyderabad Industries’ Labor  
Causes and Awareness, Technology & Applied Science Research. Available at: www.etasr.com. 

Kim, S., Moore, A., Srinivasan, D., Akanmu, A., Barr, A., Harris-Adamson, C., Rempel, D.M. and Nussbaum, M.A. (2019)  
‘Potential of Exoskeleton Technologies to Enhance Safety, Health, and Performance in Construction: Industry Perspectives and 
Future Research Directions’, IISE Transactions on Occupational Ergonomics and Human Factors, 7(3–4), pp. 185–191. Available 
at: https://doi.org/10.1080/24725838.2018.1561557. 

Kim, S., Nussbaum, M.A., Mokhlespour Esfahani, M.I., Alemi, M.M., Jia, B. and Rashedi, E. (2018) ‘Assessing the influence of a  
passive, upper extremity exoskeletal vest for tasks requiring arm elevation: Part II – “Unexpected” effects on shoulder motion, 
balance, and spine loading’, Applied Ergonomics, 70, pp. 323–330. Available at: https://doi.org/10.1016/j.apergo.2018.02.024. 

Kuber, P.M. and Rashedi, E. (2021) ‘Product ergonomics in industrial exoskeletons: potential enhancements for workforce  
efficiency and safety’, Theoretical Issues in Ergonomics Science, 22(6), pp. 729–752. Available at: 
https://doi.org/10.1080/1463922X.2020.1850905. 

de Looze, M.P., Bosch, T., Krause, F., Stadler, K.S. and O’Sullivan, L.W. (2016) ‘Exoskeletons for industrial application and  
their potential effects on physical work load’, Ergonomics, 59(5), pp. 671–681. Available at: 
https://doi.org/10.1080/00140139.2015.1081988. 

Marino, M. (2019) ‘Impacts of Using Passive Back Assist and Shoulder Assist Exoskeletons in a Wholesale and Retail Trade  
Sector Environment’, IISE Transactions on Occupational Ergonomics and Human Factors, 7(3–4), pp. 281–290. Available at: 
https://doi.org/10.1080/24725838.2019.1645057. 

Martínez-Aires, M.D., López-Alonso, M. and Martínez-Rojas, M. (2018) ‘Building information modeling and safety  
management: A systematic review’, Safety Science, 101, pp. 11–18. Available at: https://doi.org/10.1016/j.ssci.2017.08.015. 

McFarland, T. and Fischer, S. (2019) ‘Considerations for Industrial Use: A Systematic Review of the Impact of Active and  
Passive Upper Limb Exoskeletons on Physical Exposures’, IISE Transactions on Occupational Ergonomics and Human Factors, 
7(3–4), pp. 322–347. Available at: https://doi.org/10.1080/24725838.2019.1684399. 

Mertz, L. (2012) ‘The Next Generation of Exoskeletons: Lighter, Cheaper Devices Are in the Works’, IEEE Pulse, 3(4),  
pp. 56–61. Available at: https://doi.org/10.1109/MPUL.2012.2196836. 

Mihić, M., Vukomanović, M. and Završki, I. (2019) ‘Review of previous applications of innovative information technologies   
in construction health and safety’, Organization, Technology and Management in Construction: an International Journal, 11(1), 
pp. 1952–1967. Available at: https://doi.org/10.2478/otmcj-2019-0004. 

Nnaji, C. and Karakhan, A.A. (2020) ‘Technologies for safety and health management in construction: Current use, imple 
mentation benefits and limitations, and adoption barriers’, Journal of Building Engineering, 29, p. 101212. Available at: 
https://doi.org/10.1016/j.jobe.2020.101212. 

Nnaji, C., Okpala, I., Gambatese, J. and Jin, Z. (2023) ‘Controlling safety and health challenges intrinsic in exoskeleton use in  
construction’, Safety Science, 157, p. 105943. Available at: https://doi.org/10.1016/j.ssci.2022.105943. 

Occupational Safety and Health Administration (2018) Recommended Practices for Safety and Health Programs. Available  
at: https://www.osha.gov/safety-management/hazard-Identification# (Accessed: 24 August 2023). 

Okpala, I., Nnaji, C., Ogunseiju, O. and Akanmu, A. (2022) ‘Assessing the Role of Wearable Robotics in the Construction  
Industry: Potential Safety Benefits, Opportunities, and Implementation Barriers’, in Automation and Robotics in the Architecture, 
Engineering, and Construction Industry. Cham: Springer International Publishing, pp. 165–180. Available at: 
https://doi.org/10.1007/978-3-030-77163-8_8. 

Petrullo, M., Morton, B., Jones, S.A., Laquidara-Carr, D., Lubrano, S., Lorenz, A., Yamada, T., Buckley, B., Logan, K. and Barnett,  
S. (2017) SmartMarket Report Chief Executive Officer Safety Management in the Construction Industry 2017 SmartMarket Report 
Executive Editor Chief Marketing Officer SmartMarket Report. Available at: www.construction.com. 

Pons, J.L. (2008) Wearable Robots: Biomechatronic Exoskeletons. Chichester, England: Wiley. 
Pons, J.L. (2010) ‘Rehabilitation Exoskeletal Robotics’, IEEE Engineering in Medicine and Biology Magazine, 29(3), pp. 57– 

63. Available at: https://doi.org/10.1109/MEMB.2010.936548. 
Ren, L., Cong, M., Zhang, W. and Tan, Y. (2021) ‘Harvesting the negative work of an active exoskeleton robot to extend its  

operating duration’, Energy Conversion and Management, 245, p. 114640. Available at: 
https://doi.org/10.1016/j.enconman.2021.114640. 



  
  

FARU Proceedings - 2024 
 

  51  

Rosen, A. and Isabella, R. (2022) Exoskeletons and Ergonomic Safety within the Construction Industry. Master’s Thesis.  
Chalmers University of Technology. 

Rosman, M.R. and Mahmud, N.S. (2021) ‘Passive Exoskeleton Safety Jacket for Use in Construction Projects’, International  
Journal of Academic Research in Business and Social Sciences, 11(5). Available at: https://doi.org/10.6007/IJARBSS/v11-i5/9893. 

Salim, S.M., I. Romli, F., Besar, J. and Negin, O.A. (2017) ‘A Study on Potential Physical Hazards at Construction Sites’, Journal  
of Mechanical Engineering (JMechE), SI 4(1), pp. 207–222. Available at: https://ir.uitm.edu.my/id/eprint/39263 (Accessed: 24 
August 2023). 

Singla, A., Virk, G.S. and Dhand, S. (2016) A Brief Review on Human-Powered Lower-Limb Exoskeletons. Varanasi. Available  
at: https://www.researchgate.net/publication/283532629. 

Spada, S., Ghibaudo, L., Gilotta, S., Gastaldi, L. and Cavatorta, M.P. (2017) ‘Investigation into the Applicability of a Passive  
Upper-limb Exoskeleton in Automotive Industry’, Procedia Manufacturing, 11, pp. 1255–1262. Available at: 
https://doi.org/10.1016/j.promfg.2017.07.252. 

Teizer, J. (2015) Teizer, pg. 295-Monitoring Alert and Reporting Technology for Hazard Avoidance and Training (SmartHat),  
Journal of Information Technology in Construction (ITcon). Teizer. Available at: 
http://www.teizer.comhttp://www.itcon.org/2015/19. 

The National Institute for Occupational Safety and Health (NIOSH) (2023) Hierarchy of Controls, NIOSH. Available at:  
https://www.cdc.gov/niosh/topics/hierarchy/default.html. 

Timken World (2022) Exoskeletons: Next-Gen Mobility and Efficiency - The Timken Company, The Timken Company. Available  
at: https://www.timken.com/timken-world/exoskeletons-next-gen-mobility-efficiency/ (Accessed: 4 December 2023). 

Yandell, M.B., Tacca, J.R. and Zelik, K.E. (2019) ‘Design of a Low Profile, Unpowered Ankle Exoskeleton That Fits Under  
Clothes: Overcoming Practical Barriers to Widespread Societal Adoption’, IEEE Transactions on Neural Systems and 
Rehabilitation Engineering, 27(4), pp. 712–723. Available at: https://doi.org/10.1109/TNSRE.2019.2904924. 

Zhu, Z., Dutta, A. and Dai, F. (2021) ‘Exoskeletons for manual material handling – A review and implication for construction  
applications’, Automation in Construction, 122, p. 103493. Available at: https://doi.org/10.1016/j.autcon.2020.103493. 

  
 
 
 
 

  


