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Abstract: The integration of Human-Robot Collaboration (HRC) into Virtual Reality (VR) technology is 14 
transforming industries by enhancing workforce skills, improving safety, and optimizing operational 15 
processes and efficiency through realistic simulations of industry-specific scenarios. Despite the growing 16 
adoption of VR integrated with HRC, comprehensive reviews of current research in HRC-VR within the 17 
construction and manufacturing fields are lacking. This review examines the latest advances in designing and 18 
implementing HRC using VR technology in these industries. The aim is to address the application domains 19 
of HRC-VR, types of robots used, VR setups, and software solutions used. To achieve this, a systematic 20 
literature review using the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 21 
methodology was conducted on the Web of Science and Google Scholar databases, analyzing 383 articles 22 
and selecting 53 papers that met the established selection criteria. The findings emphasize a significant focus 23 
on enhancing human-robot interaction with a trend toward using immersive VR experiences and interactive 24 
3D content creation tools. However, the integration of HRC with VR, especially in the dynamic construction 25 
environment, presents unique challenges and opportunities for future research, including developing more 26 
realistic simulations and adaptable robot systems. This paper offers insights for researchers, practitioners, 27 
educators, industry professionals, and policymakers interested in leveraging the integration of HRC with VR 28 
in construction and manufacturing industries. 29 
Keywords: Systematic literature review; Virtual reality; Human-robot collaboration; Construction; 30 
Manufacturing  31 
1 Introduction  32 
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The construction industry is currently facing significant challenges, such as shortage of skilled workers and 33 
aging workforce [1], compounded by the perception of unsafe working conditions that deter young 34 
individuals from entering the field [2]. This situation is critical, as the U.S. Associated Builders And 35 
Contractors (ABC) estimated a pressing need for over 650,000 new workers in 2022, underscoring the urgent 36 
state of the labor market in this sector [3,4]. In response, the industry is increasingly turning to automation 37 
and integration of digital technologies, such as robotics, to address labor shortages, enhance safety, and 38 
improve efficiency [5,6]. This technological shift is transforming traditional roles, introducing innovations 39 
such as self-driving vehicles, drones, and robotics, which mark a significant evolution in construction 40 
practices [7]. 41 

Simultaneously, the manufacturing industry is navigating its own set of unique challenges by embracing 42 
automation and robotics [8]. This adaptation is crucial for maintaining competitiveness and safety, requiring 43 
workers across both sectors to learn to collaborate with robotic technologies, thereby reshaping the labor and 44 
technology landscape [9]. The integration of Human-Robot Collaboration (HRC) with Virtual Reality (VR) 45 
has seen widespread applications across industries  From healthcare, where they facilitate surgical training 46 
and rehabilitation, to manufacturing, where they improve precision tasks and safety, the versatility and 47 
effectiveness of these technologies are clear [10,11].  48 

Against the backdrop of technological innovation, HRC emerges as a significant development [12,13]. It 49 
involves direct interaction between human workers and robots, aiming to combine human flexibility and 50 
intelligence with robotic precision and endurance to enhance productivity and safety. HRC is revolutionizing 51 
the field, moving from simple task automation to intelligent systems that enable  synergistic human-robot 52 
partnerships, powered by advanced AI, sensors, and machine-learning capabilities [14]. Recent advances in 53 
deep-distributed learning and robotic wireless energy transfer further underscore the potential of these 54 
intelligent systems. For instance, Guo et al. explored deep-distributed learning-based Point‑of‑Interest (POI) 55 
recommendations under mobile-edge networks, showcasing how advanced learning frameworks can 56 
significantly improve system performance and efficiency [15]. Similarly, Wang et al. investigated robotic 57 
wireless energy transfer in dynamic environments, highlighting innovative approaches to maintaining energy 58 
efficiency in robotic systems [16]. These advances illustrate the diverse technological innovations 59 
contributing to the development of more efficient and effective HRC systems.  60 

HRC encompasses various levels, each defined by the degree of interaction and integration between 61 
humans and robots. According to Mukherjee et al. and De Pace et al., these levels range from fully 62 
programmed robots to fully autonomous systems [17,18]. At the fully programmed (L0) level, robots carry 63 
out predefined repetitive tasks within safety-fenced areas, with no human interaction. Co-existence (L1) 64 
involves robots and humans operating in close proximity but not sharing the same workspace, using safety 65 
measures like laser fencing. At the assistance (L2) level, robots assist human workers by reducing physical 66 
effort, such as in the use of wearable robotic devices. Cooperation (L3) occurs when humans and robots work 67 
in a shared space, performing sequential tasks towards a common goal. In collaboration (L4), humans and 68 
robots work simultaneously on shared tasks, requiring high levels of interaction and communication. Finally, 69 
at the fully autonomous (L5) level, robots operate independently, performing a wide variety of tasks without 70 
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human intervention. Understanding these levels is crucial for designing effective HRC systems. This review 71 
explores how VR technology facilitates these varying levels of collaboration in manufacturing and 72 
construction industries, providing insights into recent advances and practical implementations. 73 

In parallel to these HRC developments, VR training has emerged as a pivotal tool, offering numerous 74 
advantages over conventional training methods and other interactive technologies such as Augmented Reality 75 
(AR), Extended Reality (XR), and Mixed Reality (MR). While AR and MR augment the real world and XR 76 
encompasses a spectrum of combined real and virtual environments, VR is unique in its ability to create a 77 
fully immersive simulation environment. This total immersion is crucial for scenarios where understanding 78 
spatial awareness, complex machinery interaction, and precise execution of tasks are essential. VR provides 79 
a realistic environment for workers to practice their skills without the risk of injury or damage to equipment 80 
[19]. This realistic environment is particularly invaluable in industries where physical safety is a constant 81 
concern. Additionally, VR allows for skill development and task training, where workers can repeatedly 82 
practice and master complex interactions with robots, avoiding the use of costly and limited-supply 83 
machinery. Furthermore, VR significantly enhances user experience by providing more engaging and 84 
intuitive ways for workers to interact with robotic systems. This improves both the speed and quality of the 85 
learning process. Through the integration of HRC and VR, an immersive environment is established that 86 
replicates real-world scenarios [20]. Such experiences are crucial for preparing workers to navigate the 87 
complexities of real-life collaboration with robots, including understanding their movements, behaviors, and 88 
safety protocols [21]. Additionally, VR training can be tailored to individual learning preferences, enabling 89 
a personalized approach to skill development and improvement [22,23].  90 

Although considerable research has been done in the field of HRC using immersive technologies, such as 91 
the work by Walker et al., there are still gaps in literature. Walker et al. present a taxonomy for Virtual, 92 
Augmented, and Mixed reality (VAM) interfaces for Human-Robot Interaction (HRI), emphasizing the need 93 
for a shared terminology and framework to characterize these interfaces [24]. Their work categorizes virtual 94 
design elements and discusses their development and applications over the past 30 years. This paper 95 
addresses these gaps by focusing specifically on the application of VR in HRC within the construction and 96 
manufacturing industries. Key research questions related to application domains, types of robots, VR setups, 97 
and software solutions in these sectors are addressed, providing a more targeted review of these areas. By 98 
concentrating on the construction and manufacturing industries, this study offers insights into how VR and 99 
HRC technologies are being used to address real-world challenges in these sectors. This approach highlights 100 
practical implementations and outcomes of integrating HRC with VR, offering a fresh perspective on the 101 
current advances in the field. This review provides a comprehensive analysis of recent studies on HRC 102 
integrated with VR. The primary focus is on addressing three research questions (RQs) to deepen the 103 
understanding of the role of VR and HRC in addressing industry challenges:   104 

•RQ1: What are the key application domains in the construction and manufacturing industries where VR 105 
and HRC have been integrated? 106 

•RQ2: Which types of robots are predominantly used in HRC studies within VR environments in the 107 
construction and manufacturing industries? 108 
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•RQ3: What are the most utilized VR setups (e.g., Desktop VR, CAVE VR, HMDs) and software solutions 109 
in VR environments for HRC within these sectors? 110 

The review considers the use of avatars, whether the robots are real or virtual, and levels of collaboration 111 
to provide a well-rounded understanding of the current state of HRC-VR integration. This comprehensive 112 
literature review provides valuable insights for educators, industry professionals, and policymakers focused 113 
on the construction and manufacturing industries. The study elucidates the roles and types of robots prevalent 114 
in VR-enhanced HRC settings, highlighting how these technologies meet current industry needs and the 115 
challenges they face. This review not only showcases the applications and benefits of VR-enhanced HRC but 116 
also pinpoints limitations and research gaps that can guide future studies in enhancing HRC through VR 117 
technologies.  118 

Answering these questions through a comprehensive literature review provides insights for educators, 119 
industry professionals, and policymakers in the construction and manufacturing industries. It also highlights 120 
the current limitations and research gaps in using VR for HRC. The remainder of the paper proceeds as 121 
follows. The methods section outlines the methodology of the study, including a detailed description of the 122 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) systematic review analysis. 123 
The results section presents trends in the annual publication on HRC-VR, research frequency by industry 124 
type, avatar usage in HRC-VR studies, and a comparison between virtual and real robots in HRC-VR studies. 125 
The discussion section addresses the RQs posed earlier. The future research section highlights challenges and 126 
limitations of current HRC-VR research. Finally, the conclusion summarizes the main findings and 127 
limitations of the study. 128 

2 Methods  129 

In this study, a systematic literature review was conducted using a detailed and methodical approach to select 130 
the most relevant papers for the research questions. The approach is based on the PRISMA methodology, 131 
renowned for its comprehensive keyword-based search strategy, facilitating effective navigation through 132 
scientific databases [25].  133 

The search strategy was carried out using combinations of keywords together with Boolean operators in 134 
Web of Science: ((“human-robot collaboration” OR “collaborative robotics” OR “human-robot interaction” 135 
OR “robot-assisted construction” OR “robotics in construction” OR “robotic automation” OR “robotic 136 
systems” OR “robotic applications” OR “robotic technology” OR “robotic solutions”) AND (“virtual reality” 137 
OR “VR” OR “immersive virtual reality”) AND (“construction” OR “building” OR “civil engineering” OR 138 
“architecture” OR “manufacturing” OR “industrial robotics” OR “construction industry” OR “building 139 
design” OR “civil infrastructure” OR “smart manufacturing”)). 140 

To complement the search in the Web of Science, Google Scholar was also employed with a tailored query 141 
specifically focused on the construction aspect. The Google Scholar query was formulated as follows.  142 
“human-robot collaboration” AND “virtual reality” AND “Construction” – “Augmented” – “Digital Twin” 143 



5 
 

–“BIM” – “mixed reality” – “AR” – “MR”. It was strategically designed to delve deeper into the nuanced 144 
applications of VR in construction-related HRC scenarios. This more focused approach in Google Scholar 145 
was intended to complement the broader search in Web of Science, enabling us to capture detailed insights 146 
and specific case studies within the construction sector that are highly relevant to the research questions. The 147 
dual-strategy approach, which used both Web of Science and Google Scholar, was implemented to ensure 148 
comprehensive literature coverage. This approach was necessary as some technical papers meeting the 149 
criteria were exclusively available in Google Scholar, while others were only accessible through Web of 150 
Science. By employing this dual strategy, this study thoroughly explored the integration of HRC with VR 151 
both in the wider context of manufacturing and more specifically within construction. The search was carried 152 
out on 28 December 2023, and inclusion and exclusion criteria were applied, as listed in Table 1. These 153 
criteria were used to select the articles suitable for the study, considering the keywords, abstracts, and titles 154 
of papers published over the years. 155 

Table 1 Inclusion and exclusion criteria 156 
Inclusion criteria Exclusion criteria 

Articles in English Articles in other languages 

Articles published without missing data (i.e. title, year published, 

abstract, and name of authors) 

Articles published with missing data (i.e. title, year published, 

abstract, and name of authors) 

Articles published in peer-reviewed journals and conferences 
Articles published in other types of documents (i.e. books, surveys, 

reviews, editorial documents, and chapters) 

Article capable of addressing the RQs Articles unable to address the RQs 

The selection criteria of the literature review targeted English language articles, focusing on HRC using 157 
VR technology, related to specific research questions. To ensure consistency and clarity in analysis, articles 158 
written in other languages and those lacking complete data were excluded. The review precedes peer-159 
reviewed journal publications and conferences, valued for their peer-reviewed rigor, over book chapters and 160 
brief articles. Employing the PRISMA approach ensured a detailed and transparent analysis of the studies 161 
selected. To address conflicting conclusions, the quality and context of each study were thoroughly evaluated, 162 
considering differences in study design, experimental setup, and analytical methods. This critical appraisal 163 
allowed for a comprehensive understanding and documentation of any potential discrepancies. By following 164 
PRISMA guidelines, the review accurately reflects the most reliable conclusions based on the overall 165 
evidence.  166 

3 Results  167 

In this reviewing process, the PRISMA methodology was executed, using a combination of keywords and 168 
Boolean operators. Initially, 383 research papers were identified through Web of Science and Google Scholar. 169 
After removing duplicates, 380 articles remained. The exclusion criteria then filtered out 113 articles for 170 
reasons such as language differences, missing data, and document type, leaving 267 articles for full-text 171 
assessment. Of these, only 53 met the criteria for inclusion in the literature review, as the rest did not respond 172 
to the research questions. The result obtained from the PRISMA methodology is illustrated in Figure 1. 173 
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Applying the PRISMA methodology to the analysis showed that a significant majority (approximately 74%) 174 
of the studies were published journal articles. 175 

 176 

Figure 1  Systematic literature review methodology inspired by PRISMA methodology. 177 
The analysis of the annual publication trends in HRC-VR articles illustrated in Figure 2 from 2016 to 2023 178 

shows a growing interest in the field of integrating HRC with VR for construction site and manufacturing 179 
applications. Starting with only 2 articles in 2016, the number gradually increased to 11 in 2022. 180 
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 181 
Figure 2  Annual publication trend in HRC-VR for construction and manufacturing industries. 182 

A significant trend in the distribution of research across the construction and manufacturing industries was 183 
also identified. The results indicate that the manufacturing sector received the most substantial focus. The 184 
term ‘General’ in the context of the analysis refers to research that is neither specific to the construction 185 
industry nor the manufacturing industry but rather applies broadly across multiple sectors. In contrast, the 186 
construction industry appears to have attracted less attention from researchers, as evidenced by the fewer 187 
studies undertaken in this area. This disparity suggests a potential gap in literature and highlights an 188 
opportunity for future investigations to balance the research efforts more evenly, especially to deepen the 189 
understanding of technology applications in the construction industry. 190 

 191 

Figure 3  Distribution of research frequency by industry type. 192 
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The presence of avatars in VR settings was evaluated using the PRISMA framework. The frequency of 194 
avatar use within HRC-VR studies is depicted in Figure 4. Additionally, it was identified whether the research 195 
used virtual robots, actual robots, or a blend of both, with these distinctions presented in Figure 5. 196 

 197 
 Figure 4  Avatar use in HRC–VR studies. 198 

 199 
Figure 5  Comparison of virtual and real robots in HRC-VR studies. 200 

The review identified the levels of collaboration between humans and robots in VR settings, as previously 201 
outlined in the introduction. The distribution of levels of collaboration in HRC-VR studies is shown in Figure 202 
6. Each article was reviewed and classified based on the degree of interaction and integration described in 203 
the study. As Figure 6 shows, 28% of the studies focused on the assistance (L2) level, 23% on the cooperation 204 
(L3) level, and 49% on the collaboration (L4) level. Notably, no studies were found at the fully programmed 205 
(L0), co-existence (L1), or fully autonomous (L5) levels, suggesting that research in HRC-VR is more 206 
focused on interactive and collaborative environments rather than fully independent or basic operational 207 
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systems. This trend highlights the growing interest and potential in enhancing human-robot synergy through 208 
advanced collaborative frameworks.  209 

 210 

Figure 6  Distribution of levels of collaboration in HRC–VR Studies. 211 
The wide range of applications of HRC and VR interactions, as outlined in these articles, is systematically 212 

summarized. The insights derived from all 53 articles are thoroughly detailed in Table 2.  213 
Table 2 HRC-VR research articles overview 214 

Articles Robot type Collaboration 
level Avatar Use case 

[26] Virtual L3 Yes Mobile robots in construction, proximal, and distant interaction tasks 

[27] Virtual L2 No Robot end-effector position optimization for ergonomics, handover, and positioning 

[28] Real L3 No 
Automated garment folding, folding plans, pick-place locations, and folding action 

trajectories 

[29] No Robot L3 No VR eye tracking for arm movement prediction 

[30] Both L2 Yes 
VR hand manipulation with wearable teleoperation controller, grabbing, and 

manipulating virtual objects 

[31] No Robot L3 No Gaze-based arm movement prediction 

[32] Virtual L2 Yes Training workers about drone safety challenges and applications 

[33] Virtual L2 Yes 
Impact of working near drones on construction workers for scaffolding, monitoring 

formwork, concrete placement, trip counting, and response analysis 

[34] Virtual L2 Yes 
Drone impact on workers at heights for painting, supervising scaffolding erection, 

and monitoring roofing 

[35] Virtual L3 Yes Ergonomic evaluation in cooperative workplace 

[36] Virtual L4 Yes VR learning for HRC design in industry 4.0 

[37] virtual L2 No Drones in bridge inspection collaboration 

[38] virtual L2 No VR testing of drone collision avoidance 

[39] virtual L2 No Construction drones and VR simulation 

[40] Both L2 Yes VR exoskeleton training-safe lifting to prevent musculoskeletal disorders 

[41] Both L3 Yes Ergonomic robotic cell design and task allocation for pick and placement 

[42] Virtual L4 No Human hand motion prediction for robotic teleoperation 

[43] Virtual L3 No 
Human vs. robot in emergency structural inspections in post-earthquake structural 

damage inspection 

[44] Both L2 Yes Exoskeleton training for construction workers 

28%
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[45] Both L4 Yes Deep-learning-based robot obstacle avoidance 

[46] Virtual L4 Yes Industrial workstation design, particularly on picking and placement 

[47] Virtual L4 No 
Interaction design for industrial HRC systems, particularly for picking and 

placement 

[48] Virtual L4 Yes 
Testing cobot signals in VR collaboration, for guessing, handing over, and 

interpreting signals 

[49] Virtual L4 No 
Eye-hand coordination in VR-assisted robotic assembly, for object selection and 

placement 

[50] Virtual L3 Yes Impact of robot apology in VR for responding to robot’s unexpected movement 

[51] Virtual L4 No Augmented communication in HRC in collaborative pin-back button manufacturing 

[52] Virtual L4 No 
Neurobehavioral assessment of force feedback in robotic teleoperation for valve 

rotation and planning 

[54] Both L2 No VR drone operator training and assessment 

[54] Virtual L4 Yes 
Human adaptability assessment in VR collaboration for screw placement and 

fastening 

[55] Virtual L4 No 
Personalized model for HRI optimization for valve operation memory and 

teleoperation 

[56] Both L4 Yes 
Enhancing HRC system design with VR for picking, positioning, regrasping, and 

applying force 

[11] Virtual L2 No 
Cognitive implications of cobots in industrial operations for valve rotation, 

sequence, and memorization 

[57] Virtual L3 Yes 
VR for assessing cobot impacts in product assembly, for positioning, orienting, and 

assembly assistance 

[58] Real L4 No 
Collaborative space exploration and mapping using rescue robots, for real-time 

robotic mapping, and remote robot control in aerospace industry 

[21] Virtual L4 Yes Fabric handling for picking and manipulation in aerospace industry 

[59] Both L2 No Operator training in programming and trajectory control 

[60] Both L4 No Collaborative welding for torch tracking and adjustment 

[61] virtual L2 No Drone-VR for UAV Training 

[62] Both L4 Yes 
Analyzing HRC reactions to robot motions using VR for handing over boxes and 

placement 

[63] Virtual L4 Yes Effects of robot motion on human collaborators for selection and placement timing 

[64] Virtual L4 Yes Safe and efficient HRC with VR in industrial settings 

[65] Virtual L3 No 
Usability evaluation of an emotional display agent in VR for navigation, object 

selection, and commanding 

[66] Both L4 Yes VR transformation of HRC in industrial applications 

[67] Virtual L4 Yes Safety technique prototyping for picking, transferring, holding, and positioning 

[68] Virtual L4 Yes Aerospace tape-laying for selection, manipulation, and control 

[69] Both L3 No Manipulation tasks for picking and handling 

[70] virtual L2 No UAVs in HRC and training 

[71] Virtual L3 Yes Speed and separation monitoring (SSM) for safe automotive brake disc assembly 

[72] Virtual L4 No 
Effects of robot speed and predictability on operators for workpiece transport and 

quality inspection 

[73] Virtual L4 Yes 
VR for assessing HRC in manufacturing for navigation, selection, manipulation, and 

system control 

[74] Virtual L4 No 
VR for adaptive HRC collaboration for manipulating posing, recording, and 

playback 

[75] Real L4 No Collaborative picking, placing, and pointing 
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[76] Virtual L4 Yes 
Interactive VE for collaborative manufacturing for handling, handover, and 

positioning 

4 Discussion  215 

In this section, a critical review and analysis of a carefully selected collection of 53 research papers is 216 
conducted, offering a thorough response to the research questions posed. 217 

4.1  VR and HRC applications in construction and manufacturing 218 

In response to RQ1—which asks about the key application domains and use cases in the construction and 219 
manufacturing industries where VR and HRC are integrated—the analysis of selected papers has led to the 220 
identification of six primary categories: safety, task efficiency and design, human-interaction improvement, 221 
training and education, collaborative and automated technologies, and innovative applications and 222 
prototyping. Each category reflects a different dimension of integration, showing the diverse potential of VR 223 
and HRC in improving industry practices: 224 
4.1.1 Safety in HRC-VR  225 
In the domain of HRC integrated with VR technology, the impact on safety and efficiency is a paramount 226 
concern, addressed through several innovative approaches. It has been demonstrated in the aerospace industry 227 
that even a modest reduction in the speed of robots (specifically by 15%) can significantly enhance safety 228 
without detrimentally affecting operational efficiency [21]. This finding underscores the potential of VR to 229 
harmonize safety with productivity. VR training has been shown to substantially improve user experience 230 
and behavior within shared workspace collaborations, offering a compelling case for the capability of VR to 231 
augment safety and efficiency in HRC scenarios [68]. These advances illustrate the foundational role of VR 232 
in elevating safety protocols alongside maintaining high productivity standards. 233 

Building upon these foundational insights, further advances in the integration of VR with actual robotic 234 
systems have optimized interactions within HRC frameworks [69]. This integration merges virtual 235 
simulations with real-world robotic operations, enhancing the safety and efficacy of these interactions. Such 236 
advances not only optimize the practical aspects of HRC but also introduce a novel approach to safety, 237 
blending the predictive capabilities of VR with the tangible dynamics of real-world operations. Regulatory 238 
guidelines are necessary in the integration of robots in construction to ensure the safe operation of mobile 239 
robots within such dynamic environments [77]. This underscores the essential role of structured frameworks 240 
in maintaining safety, emphasizing the intricate balance between innovation and regulatory compliance. 241 

Parallel to technological and regulatory advances, predictive safety measures have garnered attention for 242 
their potential to proactively address safety concerns. Studies focusing on real-time human hand motion 243 
prediction and the assessment of drone impacts on worker safety in construction sectors [33,42] illustrated 244 
the critical role of advanced technologies in enhancing safety and monitoring within high-risk sectors. These 245 
predictive approaches signify a shift towards a more anticipatory stance on safety, leveraging technology to 246 
foresee and mitigate potential hazards before they manifest into incidents, thereby strengthening the safety 247 
infrastructure within HRC-VR applications. 248 
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Lastly, the effectiveness of safety training and monitoring in HRC-VR applications has been significantly 249 
bolstered by technological integration. The use of speed and separation monitoring with lightweight industrial 250 
robots, as evidenced in automotive brake disc assembly showcases the practical benefits of such technologies 251 
in enhancing safety while minimizing operator fatigue [71]. Furthermore, the strong preference for VR-based 252 
safety training in HRC underscores its transformative potential for safety training practices [78]. The focus 253 
on proactive and adaptive safety techniques in VR environments further emphasizes the critical role of 254 
forward-thinking safety strategies [67]. These cumulative efforts in advancing safety measures through VR 255 
not only enhance the operational efficiency of HRC but also ensure a safer working environment, marking a 256 
significant leap forward in the application domain of HRC-VR. 257 
4.1.2 Task efficiency and design in HRC 258 
In the realm of task efficiency and design in HRC, significant advances have been catalyzed by the integration 259 
of VR. The design of collaborative assembly and warehousing workstations has been revolutionized through 260 
the application of VR, which has facilitated early prototyping and scenario simulation. This application has 261 
effectively reduced design iterations and led to more efficient task execution, underscoring the value of VR 262 
in enhancing design processes [46]. Subsequently, insights into ergonomic indices and operator workload 263 
have been provided by real-time ergonomic assessments in automotive HRC using VR. These assessments 264 
have highlighted the potential of VR to significantly impact ergonomic design processes to enhance operator 265 
comfort and productivity [35]. The optimization of robot end-effector positioning through Particle Swarm 266 
Optimization in VR has been demonstrated, marking a substantial improvement in ergonomic outcomes. This 267 
indicates the potential of combining optimization algorithms with VR for task efficiency and ergonomic 268 
benefits in HRC [27].  269 

Efficiency in HRC assembly has also been explored through the integration of eye-hand coordination and 270 
a finite-state machine within a virtual environment. This exploration has demonstrated a novel approach to 271 
enhancing task efficiency and collaborative performance in HRC, showcasing the innovative application of 272 
VR in advancing assembly processes [49]. Furthermore, the design and simulation of cooperative robotic 273 
cells focused on integrating safety and ergonomic considerations into design processes have been investigated. 274 
This focus aims to foster safer and more productive work environments, illustrating the importance of 275 
incorporating such considerations from the design phase [41].  276 

Deeper insights into understanding human intent and movement in HRC settings have been provided by 277 
the prediction of human arm movement direction based on eye tracking and comparison of different neural 278 
network models for gaze-based intention prediction. These insights potentially improve interaction dynamics, 279 
emphasizing the utility of VR in enhancing the intuitive understanding of human actions [29,31]. VR-based 280 
task modeling and interaction design have also proven valuable for advancing human–robot collaboration in 281 
industrial contexts. Immersive VR environments support early evaluation of collaborative tasks, ergonomic 282 
planning, and safety assessment, ultimately leading to more efficient and intuitive task execution [47,56,76]. 283 

A VR-based architecture ensuring safety and efficiency in HRC has focused on the importance of 284 
prototyping and evaluating communication methods within VR environments, demonstrating the role of VR 285 
in facilitating safer and more efficient collaborative workspaces [64]. Together, these studies not only extend 286 
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the knowledge in task efficiency and design in HRC but also demonstrate the critical role of VR in enhancing 287 
and optimizing HRC. 288 
4.1.3 Human-interaction improvement 289 
A wide array of research has been undertaken to improve the dynamics of interaction in HRC. It has been 290 
discovered that leveraging human gaze as an indicator of attention significantly enhances remote 291 
manufacturing collaboration in dual reality setups [75]. The utility of VR in training drone operators has been 292 
demonstrated, offering valuable insights into performance prediction and stress management. This 293 
underscores the critical role of VR in readying operators for real-world applications [53].  294 

The variability in human responses to changes in robotic speed and behavior has been uncovered, 295 
suggesting the necessity for personalized control strategies to better accommodate individual differences, 296 
thereby potentially improving interaction efficiency and comfort [54]. The impact of robot speed and 297 
predictability on human operators has been scrutinized, with findings indicating that unpredictability and 298 
faster movements can exacerbate stress and hinder task performance. These insights highlight the necessity 299 
for designing robot behaviors that are both balanced and predictable, ensuring conducive work environments 300 
[72]. 301 

Integrating VR with neuroimaging presents a novel approach to tailoring HRI, optimizing interfaces based 302 
on neurobehavioral data. This innovative method hints at the potential of such technologies to forge more 303 
intuitive and effective HRC systems, personalizing user experience based on individual cognitive and 304 
emotional responses [55]. The enhancement of collaboration and comfort in industrial HRC settings through 305 
VR further illustrates the versatility of technology. Studies focusing on task sharing and efficiency emphasize 306 
the capability of VR to improve the design and assessment of HRC tasks, facilitating a deeper understanding 307 
of the collaborative process [66,73]. 308 

The exploration of HRC applications in diverse domains, such as space exploration, underscores the broad 309 
potential of this technology. Using rescue robots in virtual environments for collaborative space exploration 310 
and mapping showcases the adaptability of HRC systems to various operational contexts [58]. The 311 
investigation into the role of robot apologies as a trust-recovery strategy in industrial HRC reveals the critical 312 
importance of nuanced communication strategies. This study emphasizes the need for mechanisms that can 313 
effectively maintain trust and collaboration, particularly in scenarios involving unexpected robot movements 314 
[50].  315 

The development of a wearable teleoperation controller equipped with haptic feedback for use in VR 316 
environments has been a notable advancement. This technology focuses on the manipulation of virtual objects, 317 
showcasing the potential of tactile feedback to significantly enrich user experience within virtual 318 
environments, thereby enhancing the realism and intuitiveness of interactions [30]. Further enhancing 319 
communication within HRC, a virtual sandbox has been used to study the effects of augmented 320 
communication on manufacturing tasks. This study emphasizes the role of AR and VR in improving 321 
communication and task efficiency, illustrating how augmented interfaces can streamline and optimize the 322 
collaborative process between humans and robots [51]. Additionally, the use of eye tracking for usability 323 
evaluations of an Emotional Display Agent in VR has highlighted the significance of intuitive user interface 324 
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design. Such designs facilitate effective navigation and object selection, underlining the critical importance 325 
of user-centered design principles in HRC to ensure seamless and efficient HRI [65].  326 

The assessment of neurobehavioral responses to force feedback in robotic teleoperation, particularly 327 
focusing on remote operation tasks, underscores the importance of sensory feedback. This feedback enhances 328 
control and adds a layer of realism to HRC, indicating that sensory inputs are crucial for creating more 329 
immersive and responsive interaction environments [52]. Investigations into the psychophysiological impacts 330 
of working near drones on construction sites introduce a new perspective on drone-human interactions. These 331 
studies highlight the necessity of considering human factors in drone deployment strategies, suggesting that 332 
understanding the human response is essential for the successful integration of drones into collaborative 333 
workspaces [33].  334 

Lastly, the exploration of VR to make collaborative robot (cobot) signals more interpretable and 335 
predictable has been instrumental in enhancing trust and success in HRC. This investigation emphasizes the 336 
need for clear and effective communication mechanisms, indicating that predictability and understandability 337 
of robot actions are key to fostering trust and collaboration in shared work environments [48]. Collectively, 338 
these studies underscore the ongoing need for innovative approaches to improve HRI. By advocating for the 339 
development of technologies and design principles that create more flexible, efficient, and user-friendly 340 
collaborative environments, these research efforts highlight the strategic integration of technology and design 341 
as pivotal to advancing the state of HRC. 342 
4.1.4 Training and education innovations  343 
Advances in training and education within HRC have been markedly propelled by VR and other immersive 344 
technologies, showcasing their capacity to revolutionize learning and operational efficiency across diverse 345 
industrial settings. This evolution towards more interactive, realistic, and engaging training methodologies 346 
caters to a broad spectrum of applications, ranging from industrial robotics to unmanned aerial vehicle (UAV) 347 
operation. 348 

The role of VR in enhancing industrial robotics training by simulating real-world scenarios has been 349 
emphasized as a critical means to ensure safety and efficiency. This demonstrates the significant value of 350 
immersive technologies in accurately replicating complex operational environments, facilitating deeper 351 
understanding and proficiency in handling industrial robotics [59]. Similarly, the application of VR in UAV 352 
training has been recognized for its notable improvements in training efficiency and as a cost-effective 353 
method for gathering deep-learning data. The comprehensive and practical learning experiences of VR offer 354 
an unparalleled approach to UAV operation training [70]. 355 

Further innovations include the development of DroneVR, a UAV training tool designed to mitigate drone 356 
crash risks through lightweight object detection and user-friendly interface. This underscores the critical 357 
importance of specialized tools in reducing operational risks and enhancing user competence, particularly in 358 
UAV operations [61]. VR training for drone-assisted bridge inspections, such as the TASBID system, 359 
addresses specific training needs and boosts confidence in drone bridge inspection tasks. This illustrates the 360 
effectiveness of VR in preparing operators for intricate inspection duties [37]. 361 
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In exoskeleton training, VR-based training methods have shown superiority in enhancing performance and 362 
safety, especially when integrated with haptic feedback. Applied specifically to back exoskeletons for Direct 363 
Ground Lift (DGL) motion in the construction industry, this approach underlines the practical benefits of 364 
immersive training methods in reducing work-related musculoskeletal disorders, highlighting the health and 365 
safety advantages of VR training in physically demanding operations [40,44].  366 

A novel VR platform for collaborative robot design and ergonomics was introduced as a pioneering 367 
approach to engineering education, relevant to Industry 4.0. This platform serves as a comprehensive tool for 368 
understanding and applying ergonomic design principles in robotic system development, showcasing the 369 
educational benefits of immersive technologies in engineering [36]. 370 

The adoption of 360-degree VR technology for training construction workers about the safety challenges 371 
associated with drones emphasizes the enhancement of safety awareness in complex construction 372 
environments. This technology stresses the importance of situational awareness and safety training in 373 
mitigating drone operation risks [32]. Furthermore, investigations into the cognitive benefits of using cobots 374 
in industrial operations have illustrated that cobots not only improve task performance and reduce errors but 375 
also bolster cognitive processes, enhancing efficiency in complex tasks. This reveals the multifaceted 376 
advantages of integrating cobots into industrial workflows [11]. Collectively, these studies underscore the 377 
transformative impact of VR and related immersive technologies in the realm of training and education within 378 
HRC. They present a variety of innovative applications that significantly improve safety, efficiency, and 379 
cognitive engagement across different industrial sectors, heralding a new era of enhanced learning and 380 
operational proficiency. 381 
4.1.5 Collaborative and automated technologies 382 
The realm of HRC has witnessed significant advances through the integration of collaborative and automated 383 
technologies, with VR playing a crucial role in propelling these developments forward. These innovations 384 
are pivotal in enhancing the efficiency and safety of HRC systems, contributing substantially to the 385 
refinement of HRI across various industrial sectors. 386 

The capacity of VR to predict outcomes in robotic construction, especially with the integration of drones, 387 
has been demonstrated, indicating a move towards more efficient and innovative construction methodologies. 388 
This approach highlights the ability of VR to accurately model complex construction scenarios, enabling the 389 
exploration of new construction techniques that could potentially set new industry benchmarks [39]. In terms 390 
of strategic development, the use of VR digital twins to safely test and refine HRC strategies has emerged as 391 
a groundbreaking method. This technique deepens the understanding of HRI, leading to safer and more 392 
efficient collaborative endeavors. By mirroring real-world scenarios within a risk-free environment, VR 393 
digital twins allow for the thorough testing of interactions, strategies, and workflows, playing a significant 394 
role in enhancing HRC practices [62].  395 

Investigations into the effects of robot motion on human collaborators within VR environments have 396 
uncovered its considerable impact on performance and stress levels. These insights underscore the critical 397 
importance of incorporating human factors into the design and implementation of robotic systems, advocating 398 
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for ergonomic and user-friendly robot motion designs to bolster collaboration without adversely affecting 399 
human operators [63]. 400 

Further studies on the influence of cobots in product assembly through VR have illustrated how cobots can 401 
improve both efficiency and ergonomic comfort. These assessments provide tangible evidence on the 402 
advantages of employing VR to simulate and evaluate HRC systems, affirming the value of integrating VR 403 
in the assessment process [57]. Additionally, the creation of a robot obstacle avoidance system using deep 404 
reinforcement learning marks a substantial leap in autonomous robot capabilities, enabling robots to navigate 405 
safely and effectively in intricate settings. This development showcases the potential of artificial intelligence 406 
and machine-learning technologies to augment the autonomy and safety of robots within collaborative 407 
frameworks  [45]. Together, these advances underscore a growing trend towards incorporating VR into HRC, 408 
where virtual simulations and feedback mechanisms play a crucial role in enhancing the interactions between 409 
humans and robots. This synergy fosters optimized operations, improved ergonomic practices, and deeper 410 
comprehension of the dynamic exchanges within collaborative environments, signifying a notable 411 
progression in HRC. 412 
4.1.6 Innovative applications and prototyping 413 
The fusion of VR with HRC has catalyzed a wave of innovative applications and significant advances in 414 
prototyping across a spectrum of industries, showcasing the transformative capacity of VR to boost task 415 
performance, streamline processes, and enhance HRC. 416 

In the manufacturing sector, the deployment of a VR system in Gas Tungsten Arc Welding marks a notable 417 
advancement. This system facilitates precise tracking and adjustment of the welding torch, leading to 418 
substantial improvements in welding. Such an innovation exemplifies the ability of VR to refine traditional 419 
manufacturing techniques, presenting a leap forward in operational efficiency [60]. Moving to the aviation 420 
industry, the application of VR in drone collision avoidance testing has proven to be both cost-effective and 421 
superior in controlling the testing environment. While not a replacement for real-world trials, the capability 422 
of VR to emulate intricate scenarios underscores its potential to markedly reduce development time and 423 
expenses, particularly in aerospace applications [38].  424 

In the textile industry, the creation of a novel VR framework for automating cloth folding represents a 425 
significant stride. Using skeletal data for garment classification, this innovation highlights the ability of VR 426 
to streamline manufacturing processes, minimizing manual labor dependency and boosting operational 427 
efficiency [28]. Venturing into the intersection of gaming technology with industrial applications, the 428 
adoption of a game engine-driven VR system for HRC in assembly tasks has not only heightened efficiency 429 
but also tapped into the creative reservoir of the open-source community. This method demonstrates the 430 
broad and versatile applications of VR in improving industrial processes [74].  431 

A pivotal study in emergency structural inspection has benchmarked human versus robot performance in 432 
detecting structural damages, providing essential insights into the complementary strengths and limitations 433 
of humans and robots in executing critical inspection tasks. This analysis elucidates the potential of VR as 434 
an invaluable tool in the training and evaluation of both human and robotic inspectors, underscoring the 435 
complementarity of human intuition and robotic precision [43].  436 
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These advances illuminate the vast array of innovative applications of VR within HRC. From refining 437 
traditional manufacturing practices to automating intricate tasks and elevating efficiency in essential 438 
inspection scenarios, the integration of VR and HRC is reshaping the landscape of industrial operations, 439 
heralding a new era of enhanced performance and collaboration across various sectors. The analysis examines 440 
contributions and explores potential developments in safety, task efficiency, interaction improvements, 441 
training, collaborative technologies, and innovative prototyping within these domains. Table 3 summarizes 442 
the frequency of each domain of interest. 443 
Table 3 Overview of research domains, frequency, and references in HRC-VR studies 444 

Domain of interest  Frequency  References 

Safety  9 [21], [68], [69], [77], [42], [34], [71], [78], and [67]. 

Task efficiency and design 11 [46], [35], [27], [49], [41], [29], [31], [76], [56], [47], and [64]. 

Human-interaction improvement 15 
[75], [53], [54], [72], [55], [73], [66], [58], [50], [30], [51], [65], [52], 

[33], and [48]. 

Training and education 9 [59], [70], [61], [37], [40], [44], [36], [32], and [11]. 

Collaborative and automated technologies 5 [39], [62], [63], [57], and [45]. 

Innovative applications and prototyping 5 [60], [38], [28], [74], and [43]. 

This review identified six domains of interest in HRC-VR studies as illustrated in Figure 7.  445 

 446 

Figure 7  Domains of interest in HRC–VR studies. 447 

4.2  Robot types in VR-based HRC studies 448 

In addressing RQ2—which inquiries about the types of robots predominantly employed in HRC studies 449 
within VR environments across diverse industries—the investigation identified and categorized various 450 
robots. These categorizations are based on the applications of the robots and their frequency of appearance 451 
in the studies reviewed. The detailed discussion that follows outlines these categories and delves into the 452 
specific types of robots that have been used within these innovative environments, particularly focusing on 453 
the construction and manufacturing industries. This segmentation clarifies the role of different robots in HRC 454 
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studies, highlighting their diversity and the tailored applications they support in VR-enhanced settings. Figure 455 
8 illustrates the distribution of robot types used in HRC-VR research; the industrial robotic arms is the robot 456 
type most used in this research area. 457 

 458 

Figure 8  Distribution of robot types in HRC-VR research studies. 459 

4.2.1 Industrial robotic arms 460 

In the field of VR-enhanced HRC, particularly in automation and manufacturing, the analysis of 53 papers 461 
shows a significant focus on industrial robotic arms. Out of these, 23 studies emphasize their crucial role.  462 

KUKA robotic arms are notably prevalent, featured in 7 studies for their robustness and high performance 463 
in heavy industrial settings. Stäubli RX90L, recognized in 6 studies, stands out for its precision and versatility, 464 
illustrating its capacity to support a wide range of tasks, from delicate assembly to precise manipulation. The 465 
ABB IRB series, cited in 4 studies, is lauded for its automation efficiency, demonstrating the contribution of 466 
the series to streamlining processes and enhancing productivity in HRC-VR environments. NACHI MZ07, 467 
mentioned in 2 studies, is distinguished for its precision, showcasing its suitability for tasks that demand 468 
accuracy and detail. 469 

Articulated, joint-linked robot designs conducive to collaborative tasks and ergonomics are scrutinized for 470 
their potential to improve HRC. General robotic arms are also investigated for their role in virtual 471 
collaborative assembly, highlighting the significance of eye-hand coordination and control mechanisms in 472 
optimizing collaborative tasks within VR settings.  473 

4.2.2 Collaborative robots (cobots) 474 
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three studies. For example, research focuses on analyzing and controlling robot motion in response to human 477 
hand movements. The UR-5 and UR-10 models of Universal Robots are recognized for their flexibility and 478 
ease of use. The UR3 model was examined for its ability to avoid obstacles through deep reinforcement 479 
learning. Furthermore, the Franka robot model was explored, optimizing its ergonomic aspects using Particle 480 
Swarm Optimization in VR settings. This research reflects the various roles of cobots in improving HRI 481 
within the construction and manufacturing industries, covering areas from motion control and ergonomic 482 
improvements to learning algorithms for navigation and avoiding obstacles. 483 

4.2.3 Unmanned aerial vehicles  484 

UAVs or drones have been included in the study owing to their unique interaction model, which primarily 485 
involves remote control or piloting. Advances in construction and manufacturing have expanded this 486 
interaction to collaborative tasks. UAVs interact with humans through various modes, including remote 487 
control, gestures, and even haptic feedback, as highlighted in the field of human-drone interaction. Through 488 
a review of nine papers, the multifaceted roles of drones in these VR environments have been highlighted, 489 
showcasing their increasing value in tasks ranging from operational training to safety surveillance [69]. 490 

Drone-VR, a web VR simulator aimed at minimizing drone crash risks while providing comprehensive 491 
UAV training, exemplifies the integration of VR in enhancing drone operator proficiency and safety, 492 
emphasizing the importance of specialized training environments in reducing operational errors [60]. A VR-493 
based training system specifically designed for bridge inspectors using assistant drones was introduced, 494 
underscoring the potential of VR in specialized training. This caters to the unique requirements of bridge 495 
inspection, highlighting the adaptability of drones to support intricate inspection tasks [37]. The effectiveness 496 
of drone operation training in VR environments has been evaluated using physiological data models, pointing 497 
to innovative approaches to assessing and enhancing drone operator skills. This review emphasizes the 498 
potential of VR to create realistic training scenarios that accurately measure operator readiness and 499 
performance [53].  500 

Product testing in VR, focusing on the development of drone collision avoidance systems, has been 501 
explored, reflecting the economic and operational benefits of employing CAVE VR technology for drone 502 
development and highlighting the role of VR in advancing drone safety technologies [38]. The application of 503 
drones in robotic construction analysis has demonstrated the use of VR in simulating construction processes, 504 
facilitating a deeper understanding of the potential of drones to streamline and enhance construction 505 
methodologies [39].  506 

Construction workers were trained on drone safety using 360-degree VR technology, emphasizing the 507 
critical need for comprehensive safety education in leveraging drones within construction environments. This 508 
showcases the effectiveness of VR in promoting awareness and understanding drone safety protocols [32]. 509 
Lastly, the psychological and safety impacts of drones on construction professionals have been studied, 510 
assessing how drones affect worker safety and productivity. This highlights the broader implications of drone 511 
use in construction, considering both the operational benefits and potential challenges posed to worker well-512 
being [33,34]. Collectively, these studies illuminate the diverse and innovative roles of drones in VR 513 
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environments, from enhancing operational skills and safety training to improving efficiency in construction 514 
processes, indicating the pivotal role of drones in advancing the capabilities and understanding of HRC in 515 
construction and manufacturing scenarios. 516 
4.2.4 Mobile robots  517 
In the scope of VR-enhanced HRC, the employment of mobile robots, such as the MiR100, was explored in 518 
three papers, highlighting the significant advantages of robots in mobility and autonomous operation within 519 
VR environments. These mobile robots are noted for their ability to navigate and perform tasks autonomously, 520 
offering innovative solutions to enhance operational efficiency and safety in various industrial settings. 521 

The use of mobile robots in construction to enhance safety on construction sites was examined, providing 522 
insights into the potential of mobile robots to improve safety protocols and practices within construction 523 
environments [77]. This study underscores the importance of mobile robots in contributing to safer work 524 
environments through autonomous monitoring and intervention capabilities. 525 

CoBot Studio VR, a VR platform designed for transdisciplinary research into HRC, introduces an 526 
innovative approach to studying the interaction between humans and robots [48]. The study explores trust 527 
and signal interpretability in HRI, employing the MiR100, an autonomous mobile robot, alongside the UR10, 528 
an industrial robotic arm. This investigation, though focused on VR environments, offers valuable insights 529 
for enhancing collaborative dynamics in real-world industrial contexts, including construction and 530 
manufacturing. 531 

A study on mobile robots used for collaborative space exploration and mapping presents the potential of 532 
these technologies in fields beyond their traditional applications [58]. While primarily aimed at space 533 
exploration, the outcomes and technological advances discussed have significant implications for industrial 534 
sectors, particularly in facilitating collaborative operations and managing complex tasks in environments like 535 
construction and manufacturing. The diverse capabilities and potential applications of mobile robots in 536 
enhancing operational efficiency, safety, and collaborative dynamics within VR-enhanced HRC 537 
environments are demonstrated through these papers. This highlights the relevance and adaptability of mobile 538 
robots to meet the evolving needs of industries such as construction and manufacturing, underscoring their 539 
role in advancing the integration of robotics and VR technologies. 540 
4.2.5 Specialized robotics & assistive robotics  541 
In the exploration of specialized robotics and assistive systems within VR-enhanced HRC, the innovative 542 
employment of Automated Guided Vehicles (AGVs) and cobots with specialized end-effectors, back 543 
exoskeletons, and robotic teleoperation devices across various studies has been highlighted. These 544 
technologies significantly contribute to the advancement of HRC in industrial environments, showcasing 545 
their potential in optimizing operations, enhancing safety, and improving HRI dynamics. AGVs and a cobot 546 
with a specialized end-effector were used in studies showcasing two separate case studies. The AGVs were 547 
crucial in material transport, while the cobot was pivotal in precision assembly tasks, demonstrating the 548 
versatility and effectiveness of integrating specialized robotics in industrial settings for various operational 549 
needs [46]. The application of a back exoskeleton in VR training designed for construction workers employed 550 
haptic sensation transfer aimed at reducing musculoskeletal disorders, indicating the potential of assistive 551 
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systems in enhancing worker health and safety through immersive training environments [40,44]. The Novint 552 
Falcon, a robotic teleoperation device, was the focus of studies aimed at enhancing HRC in industrial settings. 553 
Adaptive HRI within VR for tasks using the Novint Falcon integrated VR with neurofunctional analysis to 554 
foster improved collaboration in teleoperation tasks such as valve operation. Further research continued to 555 
explore HRI optimization strategies and assess neurobehavioral factors in industrial robotic teleoperation, 556 
highlighting the critical role of VR and force feedback in augmenting efficiency and engagement in complex 557 
industrial tasks [55]. These investigations collectively underscore the critical importance of specialized 558 
robotics and assistive systems in advancing HRC practices. By leveraging VR technologies, these studies 559 
offer insights into the development of more intuitive, efficient, and safe HRI, demonstrating the broad 560 
applicability and potential of specialized robotics in meeting the evolving demands of industrial sectors. The 561 
research studies are categorized and listed based on the robot types in Table 4 562 
Table 4 Overview of robot types, frequency, and references in HRC-VR studies 563 

Robot category Robot types References Frequency 

Unmanned aerial vehicles Drone [32], [70], [37], [53], [38], [39], [33] and [34]. 9 

Industrial robotic arms 

Stäubli RX90L [21], [68], [76], [67], [73] and [57]. 6 

KUKA models [69], [59], [71], [63], [41], [51] and [65]. 7 

ABB IRB series [62], [54], [74] and [78]. 4 

NACHI MZ07 [66] and [66]. 2 

Reis R 30-16 [72]. 1 

Yaskawa SDA20D [50]. 1 

Arm robot [49]. 1 

Articulated, joint-linked robot [36]. 1 

2-DoF robotic arm [30]. 1 

Total 24 

Collaborative robots (cobots) 

Baxter [72], [28] and [42]. 3 

Franka [27]. 1 

Cobot [47] and [46]. 2 

UR-3 [45]. 1 

UR-5 [60] and [56]. 2 

UR-10 [35] and [48]. 2 

Total 11 

Mobile robots Mobile Robot [77], [48] and [58]. 3 

Assistive robotics 

AGVs [47] and [46]. 2 

Exoskeleton [44] and [40]. 2 

Novint Falcon [55], [11] and [52] 3 

Ground robot in ROS 

simulation 
[43] 1 

Total 10 

4.3  VR setups and software in construction and manufacturing HRC 564 
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In response to RQ3—which explores the types of VR setups and software solutions most employed in VR 565 
environments for HRC within the construction and manufacturing industries—the comprehensive review and 566 
analysis of the selected papers have highlighted a significant trend. The findings indicate that Head-Mounted 567 
Displays (HMDs) are the predominant hardware tools used in HRC research, with their application being 568 
documented in 39 out of the 53 papers reviewed. This suggests a strong preference for HMDs in facilitating 569 
immersive and effective HRC within these industrial VR applications. This popularity is likely due to their 570 
affordability and increasing accessibility in recent years. The HTC VIVE and Oculus Rift DK2 are 571 
particularly notable for being used in nine and seven studies, respectively. Unique HMD models like the 572 
Pimax 5k+ VR headset [54], eMagin Z800 3DVisorTM HMD [68], and HTC VIVE Pro Eye [48] are 573 
highlighted in individual studies.  574 

Desktop VR setups, which involve interaction with a virtual environment through a standard computer 575 
screen, are identified in nine papers. This type of VR setup provides a practical and less immersive option 576 
for specific HRC applications [37,77]. CAVE (Cave Automatic Virtual Environment) systems, which offer a 577 
semi-immersive VR experience with room-sized projections, are employed in three papers [38,69,72]. In three 578 
papers, the specific VR hardware setup was not identified. In addition, an unspecified HMD model was used 579 
[46]. Table 5 shows the articles, which are categorized and listed based on the VR setup. Among the VR 580 
setups used for HRC, the HTC VIVE has the most used VR setup in HRC-VR, as presented in Figure 9. 581 

 582 

Figure 9  Prevalence of VR setups in HRC-VR studies. 583 
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 586 
Table 1 VR setup types, frequency, and references in construction and manufacturing HRC studies 587 

VR setup References Frequency 

Head-mounted display 

Oculus rift Dk2 [21], [75], [39], [76], [36], [73], [57], and [67] 8 

HTC VIVE 
[59], [35], [60], [40], [62], [56], [74], [11], [58], [41], [50], [29], [42], [43], 

[31], [52], and [44] 
17 

Oculus Rift [59], [47], and [63] 3 

Oculus Rift S [51] 1 

Oculus Quest 2 [28] and [30] 2 

HTC VIVE PRO [27], [55], [78], [33], and [34] 5 

HTC VIVE PRO EYE [48] 1 

eMagin Z800 3DVisor [68] 1 

Pimax 5k+ [54] 1 

(Not Specified) [46] 1 

Total 40 

2D screen (Desktop) [77], [70], [61], [37], [53], [49], [45], [65], and [32] 9 

CAVE [69], [38], and [72] 3 

The information not available [71], [66], and [64] 3 

Regarding software, the analysis of the selected papers has shown that a wide variety of software tools are 588 
employed in the development of VR interfaces for HRC. Figure 7 illustrates the core software used and 589 
showcases their respective occurrences across the articles. The Unity 3D game engine is the most prominently 590 
featured, used in 36 studies. This prevalence draws attention to the capability of Unity in crafting immersive 591 
and interactive VR environments, making it a preferred choice for HRC applications. The second most 592 
frequently used tool in these studies is the Microsoft Kinect II sensor, which features in eight papers. Its 593 
application is primarily for motion tracking and gesture recognition, which are key elements in increasing 594 
the interactivity of VR environments [36,76]. It is followed by Rhinoceros, which is used in seven studies for 595 
its precision in 3D modeling [39,73]. This functionality is essential for creating detailed and accurate VR 596 
simulations, highlighting its importance in HRC-VR interfaces. Additionally, 3ds Max and Evolver Avatar 597 
Builder, each used in four studies, showcase their strengths in 3D modeling and animation. For example, 3ds 598 
Max is used for its modeling capabilities [76]. Evolver Avatar Builder is employed in creating detailed avatars 599 
in VR environments [36]. Leap Motion, found in three papers, enhances user interaction in VR with its 600 
advanced hand-tracking technology. This is exemplified in a study where the capabilities of Leap Motion are 601 
leveraged for more natural user interactions [48]. Novint Falcon and Visual Components, although mentioned 602 
in only two studies each, offer unique functionalities to the VR experiences. Novint Falcon is known for its 603 
haptic feedback, and is used to enhance tactile sensations in VR [11]. Visual Components, valuable for 604 
industrial simulation, is used to simulate complex industrial processes [78]. 605 
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The analysis also reveals that specific software tools were chosen for their particular features to meet the 606 
unique requirements of individual studies. For instance, Unreal Engine 4 for UAV simulation [70], JavaScript 607 
libraries and mapping tools for VR UAV navigation [61], and a combination of Unity 3D, Microsoft Kinect, 608 
and other 3D tools for comprehensive VR setups [76].  Table 6 shows the articles categorized and listed based 609 
on the software run. Among identified software used for HRC, Unity 3D TM has the most used VR setup in 610 
HRC-VR as presented in Figure 10. 611 

 612 

Figure 10  Software tool utilization in HRC-VR studies. 613 
Table 2 Software utilization, frequency, and references in HRC-VR studies 614 

Software/Tools References Frequency 

Unity 3D™ [21], [68], [46], [59], [77], [60], [37], [39], [28], [76], [62], [54], [36], [47], [55], [63], 

[73], [78], [74], [11], [57], [48], [67], [58], [49], [50], [29], [30], [51], [43], [31], [52], 

[32], [33], [34] and [44]. 

36 

Microsoft Kinect II sensor  [21], [68], [69], [27], [76], [36], [56], [73], [66], [67] and [45]. 11 

Tobii eye tracker  [49], [29], [42], [43], [31], [65], [33] and [34] 8 

Rhinoceros™ [21], [68], [39], [76], [36], [73] and [57] 7 

3ds Max™ 
[21], [68], [76] and [73] 

4 

Evolver avatar builder 4 

Leap Motion™ [36], [57], [48] and [49] 4 
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Matlab [35], [49], [50] and [30]. 4 

Blender [78], [29], [43] and [31] 4 

Robot operating system (ROS) [28], [43], [63]. 3 

Visual components [66] and [78] 2 

Unreal engine [70] and [41] 2 

Gazebo [45] and [43] 2 

Beware of the robot  [76], [67], [21], [68], [73],[76], [67], [21] and [68] 2 

5 Future research 615 

As the review has demonstrated, the integration of HRC with VR in construction and manufacturing settings 616 
presents fertile ground for innovation, yet it is not without its challenges. The opportunities for future research 617 
are vast, ranging from technological advancements to methodological innovations. Construction scenarios 618 
are less explored compared to manufacturing settings, likely owing to manufacturing tasks being more static, 619 
while construction is dynamic. This dynamic nature poses challenges in applying VR and HRC technologies 620 
effectively in construction environments, opening opportunities for more innovative research in this area. A 621 
critical technological challenge is further developing VR technologies to achieve more realistic simulations. 622 
The realism and interactivity of VR environments are paramount for effective HRC, necessitating 623 
advancements in VR hardware and software. The capabilities Unreal Engine for high-quality graphics and 624 
real-time rendering represent a significant opportunity for creating immersive simulations. Future studies 625 
could explore the integration of more advanced sensory feedback systems, such as haptic feedback, to 626 
enhance user experience and the effectiveness of HRC in VR. The rare use of exoskeletons in HRC-VR 627 
studies presents an opportunity for exploring their potential in enhancing physical interaction and worker 628 
safety in VR simulations. The prevalent use of HMDs suggests a trend toward more immersive VR 629 
experiences, which could be expanded with the integration of technologies like Unreal Engine to create more 630 
complex and engaging scenarios in both manufacturing and construction settings.  631 

Regarding the expansion of application domains, the predominance of HRC-VR applications in 632 
manufacturing, particularly in assembly lines, indicates an opportunity to expand research into more varied 633 
construction scenarios. The dynamic and often unpredictable nature of construction sites offers a unique 634 
challenge for HRC-VR, requiring adaptable and flexible robot systems. The existing research has focused on 635 
areas like drone safety and VR exoskeleton training, but there is room for broader application. Future research 636 
could further explore the integration of drones in more creative and flexible HRC-VR applications, especially 637 
in construction, where their aerial capabilities offer unique advantages. In addition, VR can simulate complex 638 
construction scenarios, allowing for risk-free interaction and collaboration between humans and robots. 639 
Investigating the use of VR for training and safety in complex tasks, such as those involving demolition 640 
robots or 3D printing robots, could yield valuable insights into effective HRC in these contexts. 641 

Given these opportunities in construction, interdisciplinary research becomes essential for HRC-VR 642 
advancements, blending expertise from robotics, VR, and specific fields to address complex challenges and 643 
create impactful applications. For example, in creating a VR training program for construction workers, 644 
psychology experts could enhance their understanding of HRI, engineers could use these insights to develop 645 
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realistic VR simulations, and construction specialists could ensure the scenarios are industry-relevant. This 646 
collaborative approach not only accelerates technological progress but also guarantees the practicality and 647 
relevance of HRC-VR solutions across diverse sectors. 648 

Moving forward, the expansion of HRC-VR applications highlights the growing need for ethical and safety 649 
standards. Future research must explore the implications of robot autonomy and human safety in VR settings, 650 
with a focus on creating standardized safety protocols and guidelines. Challenges include developing 651 
technologies for real-time hazard detection, particularly in dynamic environments like construction. 652 
Meanwhile, opportunities exist in using VR for detailed safety training, allowing realistic yet controlled 653 
interactions with robots. Integrating predictive analytics and real-time monitoring could significantly 654 
improve safety management in HRC operations, marking a crucial step forward in addressing these 655 
considerations. 656 

6 Conclusion  657 

A systematic literature review spanning 2016 to 2023 was conducted, focusing on HRC integrated with VR 658 
within the construction and manufacturing industries. The review examined the application domains, types 659 
of robots employed, and various VR setups and software solutions used in these scenarios. Notably, within 660 
the application domains and use cases, the human-interaction improvement category was predominant 661 
compared to others. This trend highlights a significant focus on enhancing the dynamics of HRI, with research 662 
directed toward optimizing interfaces and understanding the effects of robot behavior on operators. The 663 
findings showed widespread use of industrial robotic arms and cobots in HRC-VR studies, along with a 664 
notable presence of drones. In contrast, exoskeletons were rare, with only one paper in the review addressing 665 
their use in HRC with VR. HMDs, especially the HTC VIVE, were the main VR setup, showing a trend 666 
towards more immersive VR. Unity, a versatile game engine for interactive 3D content, was the most 667 
commonly used software in HRC-VR studies. Meanwhile, Unreal Engine, known for its high-quality 668 
graphics and real-time rendering capabilities, appeared in only two studies. Despite this, its potential for 669 
future HRC-VR work should not be underestimated, as it could offer enhanced realism and detail in VR 670 
simulations, potentially increasing its use in more complex or visually demanding HRC applications. 671 
Microsoft Kinect II sensors were also used frequently for their accurate motion tracking in VR, showing the 672 
need for precise interaction in these simulations.  673 

A significant preference for virtual robots in HRC-VR studies was noted, reflecting the trend toward virtual 674 
simulations. Real robots were less commonly used, with some studies integrating both virtual and real robots. 675 
A few papers did not use robots at all and used VR eye tracking for arm movement prediction, indicating 676 
varied approaches in this field. It was found that nearly half of the papers used digital humans, known as 677 
avatars, while the other half did not, indicating a balanced exploration of avatar-based and non-avatar 678 
approaches in HRC-VR research. Furthermore, it was identified that assistance (L2), cooperation (L3), and 679 
collaboration (L4) were commonly used, while fully programmed (L0), co-existence (L1), and fully 680 
autonomous level (L5) were not used in HRC-VR. This suggests that levels involving minimal human-robot 681 
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interaction are less relevant for HRC-VR, which focuses on enhancing collaboration. Fully autonomous 682 
levels do not require human involvement, making them less suitable for studies aimed at improving human-683 
robot synergy. In addition, the analysis identified a trend where most of the papers, 34 in total, focused on 684 
HRC-VR within manufacturing settings, followed by a smaller number, 11 papers, addressing construction 685 
settings. A portion of the studies, eight papers, while employing HRC-VR, were not directly related to 686 
manufacturing or construction, indicating a general exploration of the applications of technology. Most of 687 
the studies in manufacturing settings primarily focused on HRC in assembly lines, in line with the typical 688 
tasks of industrial robots. In contrast, the construction sector presents a significant potential for expanding 689 
HRC-VR research in various applications, such as robots for bricklaying, demolition for safe destruction 690 
strategies, surveying drones for site analysis, 3D printing robots for design visualization, and specialized 691 
robots for tasks like pipe-laying, wiring, and painting. These examples demonstrate the wide-ranging 692 
potential of VR to revolutionize planning and execution in construction. Additionally, the advanced graphics 693 
and real-time rendering capabilities of Unreal Engine could play a key role in creating more detailed and 694 
imaginative VR simulations, enhancing realism and practicality in future HRC-VR studies.  695 

While the integration of VR with HRC is explored in this review, it is important to acknowledge certain 696 
limitations. The current analysis did not employ statistical weighting of studies through meta-analysis owing 697 
to the nature of the research questions, which focused on categorization and identification rather than 698 
quantitative synthesis. This approach limited the ability to quantitatively resolve any conflicting conclusions. 699 
Frameworks such as SALSA (Search, Appraisal, Synthesis, and Analysis), which include a specific step for 700 
weighting articles, are acknowledged as potentially beneficial for handling such conflicts. Looking ahead, 701 
future research should consider implementing a weighting system to assess the reliability of studies more 702 
rigorously, particularly where conflicting findings arise. This methodological enhancement would enable a 703 
more nuanced synthesis of the existing literature and provide clearer guidance for the application of VR in 704 
construction and manufacturing. 705 
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