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Abstract

:

Purpose: This paper investigates the potential of virtual reality (VR) technologies—specifically, building information modeling (BIM) (“Autodesk Revit”) and game engines (“Unreal Engine”)—to enhance public involvement in the design and execution of architecture and urban projects. The main research question focuses on comparing the effectiveness of these two methods in creating an interactive design model for participatory design in public spaces. Methods: The study employed a VR exploratory experiment with 33 participants, followed by semi-structured interviews to analyze two recent developments in London: the Sky Garden, and Crossrail Place Roof Garden. Participants interacted with the design models and provided feedback on their experiences. Results: The findings demonstrate that integrating VR with BIM software using the Enscape plugin effectively enhances user involvement, enabling real-time generation and testing of design alternatives. While both methods were found to be beneficial, participants reported a preference for the direct implementation of VR in BIM software. Conclusions: This research highlights the potential of VR technologies—specifically, BIM and game engines—as a co-design approach for public and social spaces in urban environments. It also identifies limitations and future research opportunities in adopting these methods for participatory design.
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1. Introduction


In recent years, VR has emerged as a transformative technology in the realm of participatory design for architecture and urban design, enabling diverse stakeholders to actively engage in design and planning processes [1,2,3]. Participatory design, which involves end-users and stakeholders in the development of architectural and urban environments, has gained significant traction as a means to ensure that designs are more inclusive, sustainable, and responsive to user needs [4,5]. The integration of VR in participatory design processes facilitates immersive, interactive experiences that allow users to visualize, explore, and provide feedback on design proposals in a realistic and engaging manner [6,7].



VR, which has evolved significantly over the past few decades, is defined as a “computer-generated environment that closely resembles reality to the person experiencing it” [8,9]. Transcending conventional visual aids, VR offers an immersive sensation of being present in a three-dimensional world [10,11]. While sight is the primary sense for receiving information, VR also takes into account the complexity of human perception, encompassing a rich array of senses such as hearing, balance, smell, temperature, emotion, and fear [12,13,14]. By simulating these sensory experiences, VR provides a more authentic and engaging environment for users, allowing them to interact with and explore the virtual space in a manner closely resembling the real world [15,16].



Previous research on immersive interactive VR in participatory design has primarily focused on its potential to foster collaboration, communication, and decision-making among stakeholders, as well as its capacity to bridge the gap between professionals and non-professionals in the design process [2,17,18]. These studies have highlighted the benefits of VR, such as improved spatial understanding and a heightened sense of presence, whilst acknowledging the need for further investigation into the optimal use of VR technologies and their impact on design outcomes [19,20].



Advancements in VR technology have introduced various tools and platforms catering to the architectural and urban design fields. These tools, including game engines such as Unity and Unreal Engine, and VR plugins for BIM software such as Enscape and Twinmotion, provide immersive experiences that encompass realistic visual and auditory sensations, along with the capacity to move within the virtual environment, adding motion and balance to the experience [19,21,22]. As the adoption of VR in participatory design for architecture and urban design continues to expand, it is crucial to examine the effectiveness of different VR technologies—such as BIM and gamification—in promoting meaningful engagement and improving the overall design process.



1.1. Research Background


1.1.1. BIM and VR Plugins


Over the past 35 years, significant advancements in hardware and software technology have transformed the ways in which architecture is perceived and communicated to the public. In the 21st century, the concept of “virtual buildings” has evolved from being merely a part of the construction process to a comprehensive means of sharing architectural visions and spatial experiences [23]. This evolution culminated in the development and reconceptualization of BIM within the architectural engineering and construction (AEC) industry around the turn of the century [24,25].



BIM is a model-based process that connects professionals across AEC industries, enabling more efficient design, construction, and operation of building infrastructure [25,26]. Through BIM, architects can create 3D models that incorporate data relating to the physical and functional attributes of buildings, ultimately enhancing the design process and providing a better understanding of building operation and maintenance. “Interoperability” is the notion that all parties involved in the building process work from the same model [16,17]. However, despite BIM’s potential to revolutionize the architecture industry, previous research indicates that it has not yet been fully utilized. Indeed, barriers to communication between design team members and clients are hindering BIM’s ability to achieve its optimal level of interoperability [20,27].



The integration of VR plugins within BIM systems offers numerous advantages for architecture and urban design projects. These advantages include immersive and realistic visualizations, improved communication, and fostering collaboration among professionals and stakeholders [17,21,28]. However, despite these benefits, the implementation of VR plugins in BIM presents certain limitations that warrant further investigation, particularly with respect to user interaction and engagement within participatory design processes [13,19].



Enscape, a widely-used VR plugin for BIM, exemplifies this duality. While it provides enhanced visualization capabilities, questions remain regarding its full potential for creating interactive participatory models and fostering meaningful engagement [29,30]. The limited scope of user interaction in Enscape underscores the need for research into optimizing its implementation in participatory design, specifically with respect to stakeholder involvement and collaboration. Moreover, there is a significant gap in research relating to participant behavior and interactions within Enscape-based participatory design processes [19,22].




1.1.2. Integrating AI with BIM and VR


The advent of the “Internet of Things” (IoT) has ushered in a new era of technological advancements, harnessing smart technologies, cloud storage, and fifth-generation (5G) communications to revolutionize traditional development workflows [31,32]. This technological paradigm shift underscores the need for various industries to adopt intelligent systems that capitalize on IoT, artificial intelligence (AI), and big data [33]. Digital computational technologies encompass a wide range of topics, including BIM, computational graphic imagery (CGI), VR, and AI [34,35].



AI is a rapidly evolving field encompassing advanced computational techniques that enable machines to learn, reason, and adapt, emulating human-like cognitive capabilities [36]. The integration of AI with BIM and VR offers transformative potential for community engagement in architecture and urban design [37,38]. VERAS, an innovative AI-driven plugin for Autodesk Revit, revolutionizes the design process by intelligently suggesting design modifications based on user prompts [39]. These prompts function as text-to-image inputs, allowing users to describe desired changes or features, which are then translated into visual design alterations by the AI. By harnessing the power of AI, VERAS dynamically adapts the design captured from Revit and Enscape, enabling users to rapidly explore various design alternatives. By leveraging the synergies between BIM, VR, and AI, professionals can foster iterative design exploration and enhance community involvement and creativity [19,20,40]. However, further investigation is needed to build interactive design models that effectively capture users’ and clients’ needs, ultimately leading to more efficient and inclusive design solutions in architecture and urban design.




1.1.3. Gamification in Architecture


Gamification—the application of game design elements and principles in non-gaming contexts—has gained traction within the built environment professions for its potential to enhance user engagement and motivation [41,42]. This approach surpasses traditional architectural software capabilities by offering interactive and immersive experiences, fostering collaboration, improving spatial understanding, and promoting creativity within the design process [43,44,45]. Unreal Engine—a prominent game engine—plays a key role in merging gamification with architecture and urban design by enabling the development of realistic, interactive environments in which users can navigate and modify virtual spaces in real time [46,47]. However, research on the practical applications and implications of gamification in VR—particularly the use of Unreal Engine—for capturing user behavior and preferences in architecture and urban design remains limited.



In the realm of architectural visualization within the context of VR, numerous plugins, software, and engines are available for exploration. Nevertheless, for the purposes of this research, the focus was placed on Enscape and Unreal Engine, owing to their prominence and potential for crafting interactive VR platforms. Both tools exhibit exceptional capabilities in the generation of realistic, immersive environments, complete with a diverse array of simulation tools and interactive design features [22,30]. These aspects necessitate further investigation in order to comprehensively understand the potential of Enscape and Unreal Engine in fostering public participation within the design process. Moreover, it is imperative that the inherent limitations of employing these tools—such as the validity and legitimacy of information procured from VR simulations—are examined. It is also important that any potential biases that may emerge during the application of these technologies in architectural visualization are identified [7,10].





1.2. Purpose


The primary aim of the research presented in this paper is to investigate the potential of VR technologies—specifically, BIM software (Autodesk Revit + Enscape) and game engines (Unreal Engine)—to enhance public involvement in the design and execution of architecture and urban projects. The focus is on testing and comparing the efficiency of these two distinct methods and tools in creating interactive design models for participatory design in public spaces. The study assesses the impacts of these two VR methods in terms of collaboration, communication, and decision-making among stakeholders and end-users, while evaluating their benefits and limitations in the participatory design process. Furthermore, the research investigates and compares users’ engagement with the virtual environment, their interaction with various design tools, user behavior, and perceptions of space in terms of circulation, activities, design features, and teleportation methods when using both Autodesk Revit + Enscape and Unreal Engine. The main objective is to determine the most effective approach for enhancing user involvement and improving the overall design process.





2. Materials and Methods


In this study, a qualitative research approach was adopted with two main components: (i) a VR laboratory experiment, and (ii) semi-structured interviews. The VR experiment focused on testing and comparing two distinct methods for creating interactive design models for participatory design in public spaces: one method utilizing BIM software (Autodesk Revit + Enscape), and the other based on a game engine (Unreal Engine). Following the VR experiment, in-depth semi-structured interviews were conducted with participants to further explore and analyze their experiences and behaviors during the experiment, particularly in terms of their interaction with the virtual environment and design models. The interviews aimed to capture the participants’ perspectives on their virtual experiences and behaviors. Each interview lasted approximately 30 min, was recorded and transcribed for analysis, and was conducted in accordance with approved research ethics guidelines.



2.1. Constructing an Interactive Design Model in VR


In the pursuit of evaluating the efficacy of the proposed interactive model, two contrasting case studies situated in London were selected for examination. These case studies represent the emerging trend of elevated roof gardens, which, despite being predominantly privately owned and managed, are increasingly promoted as “public” spaces [48,49]. This novel typology deviates from traditional public spaces, presenting unique design challenges related to accessibility, circulation, safety, security, and management [50,51]. These challenges necessitate further examination to develop an interactive participatory design that captures users’ needs and behaviors.



The first case study focuses on the Sky Garden, located on the top three floors of the 20 Fenchurch Street skyscraper—commonly known as the “Walkie Talkie”—in the city’s financial district [52]. The second case study examines Crossrail Place Roof Garden in North Dock, Canary Wharf. This 10,000-square-meter elevated green park, sheltered by a roof, is positioned above the Elizabeth Line—a significant component of London’s integrated urban–suburban rail network [53].



The implementation of VR technology involved the use of both software and hardware tools. The first method used in the creation of the Sky Garden digital model involved the design and modeling of the project using 3DS Max software, followed by the importation of the model into Unreal Engine using the Data Smith exporter plugin [54]. This process facilitated the conversion of the scene elements into Unreal Engine assets. Subsequently, further visual coding was performed using “Blueprint” scripting in Unreal Engine, which enables the creation of interactive elements within the digital model (Figure 1). Blueprint in Unreal Engine is an advanced visual scripting system that enables users to create gameplay elements, interactive objects, and game logic, such as changing materials, moving objects, and annotations [54]. This method employs a node-based interface, allowing users to connect various nodes, which represent functions and operations, in order to create complex interactions and behaviors within the game engine.



The second method used in the construction of the digital model of Crossrail Place was based on BIM using Autodesk Revit 2022.1.2 software. The use of the Enscape plugin, integrated directly into the BIM model, eliminated the need for data exchange and provided an integrated real-time visualization in VR [55]. This approach allowed for the investigator to make real-time design changes in VR based on user feedback and experience obtained during testing and evaluation of the VR model (Figure 2).




2.2. Environment and Safety Precautions


For the hardware component of this study, the Oculus Quest 2 was employed, which is a standalone VR headset developed by Facebook Technologies—a subsidiary of Meta [56]. The Quest 2 features four integrated cameras that monitor the real environment within the laboratory to ensure user safety. This headset enables the tracking of six degrees of movement, allowing users to navigate the virtual environment seamlessly. Additionally, a GoPro MAX 360-degree camera was utilized to record the participants’ movements within the laboratory setting [57].



The researchers implemented various safety measures to minimize the risk of VR-induced discomfort. Adequate ventilation within the laboratory was maintained, and participants were given the option to wear anti-nausea travel sickness wristbands during the experiment. Furthermore, the laboratory was organized to provide a safe and obstruction-free environment for users before donning the headset. The Oculus Guardian—a built-in safety feature—was employed to establish room-scale mesh boundaries in the virtual environment. These boundaries would appear when participants approached the edge of the designated safe experimental area, preventing accidental contact with walls or furniture. The VR experience was introduced incrementally, limiting user sessions to 20 min with breaks provided in between. During these breaks, the participants were asked to complete a personal comfort checklist to monitor any symptoms that they may have experienced [58,59].




2.3. Participants


The study engaged 33 participants from diverse age groups and backgrounds, including architects, urban designers, interior designers, computer engineers, academics, and general users. Snowball sampling was employed to recruit participants through various international networks. Invitations containing detailed information about the study were then sent via email. To maximize the generalizability of the results and ensure that the findings were representative, targeted sampling methods were implemented. These methods aimed to (i) include participants from different architectural and urban design sectors, such as large and small firms; (ii) invite academics and experts in VR, design, and public engagement to provide their perspectives; and (iii) ensure that the public participants represented a variety of age groups and genders.




2.4. Procedure


The VR laboratory experiment, with a duration of approximately one hour, allowed the participants to engage with VR models of the Sky Garden and Crossrail Place. These models provided an immersive, real-time experience, enabling participants to examine and modify aspects of the environment such as materials, objects, design features, lighting, and time of day, as well as to capture virtual photographs.



After signing a consent form, the participants were informed that they could withdraw from the study at any time without providing a reason. The experiment was divided into three stages: (1) a 15-min presentation and induction, (2) an initial survey addressing participant demographics and prior VR experience, and (3) a 20-min exploration of the VR models (Table 1).



In the Sky Garden experiment, the participants adhered to a one-way circulation system, ascending the stairs in an anticlockwise direction, in compliance with COVID-19 regulations at the actual site. They were instructed to interact with the space by customizing the materials of floors, walls, and furniture to create their preferred design theme. The participants subsequently utilized the X-ray and virtual annotation options to further modify the space, adjusting object placement and adding highlights or notes. Finally, they captured two snapshot images of their design using the virtual camera, selecting views that they would photograph if they were physically present at the Sky Garden (Figure 3).



During the Crossrail Place experiment, the participants navigated the space freely, without following a fixed circulation route. In the second stage, they determined whether to add or remove design elements and components within the roof garden, which they could subsequently test in real time. The researcher added the participants’ chosen components using Autodesk Revit, allowing them to edit their selections. Additions included public art, fountains, benches, flowers, animals, or sound effects. Participants were prompted to interact with the incorporated features and elements, employing the light simulation tool and virtual camera to produce rendered images (Figure 3). Additionally, the AI VERAS plugin in Revit provided the participants with the opportunity to delve deeper into their camera shots by generating AI-based descriptions of their design changes, fostering a more comprehensive exploration of their design modifications.




2.5. Demographic Data Analysis


All 33 participants were documented and categorized into distinct groups. Group A comprised the 36% (n = 12) of participants who had visited the London Sky Garden and Crossrail Place prior to the VR experiment, while the remaining 64% (n = 21) experienced both gardens exclusively through VR during the experiment. Group B constituted 55% (n = 18) public users and 45% (n = 15) experts in fields such as architecture, urban design, interior design, game design, and academia. Group C consisted of 52% (n = 17) first-time VR users, 42% (n = 14) occasional VR users, and 6% (n = 2) regular VR users (Table 2). The subset of participants (n = 16) with prior VR experience had encountered the technology in various domains, including gaming (the most prevalent), social networking, mental health, architectural design, urban design, education, and product design, demonstrating the diverse background and experience of the study participants.




2.6. Qualitative Data Analysis


The authors employed a theme-based analysis approach to examine various qualitative datasets. Content analysis—a proven method for addressing descriptive objectives [60]—was utilized, guided by a summative approach [61]. This strategy facilitated the exploration of the concepts comprising the themes and subthemes, as well as their interconnections. The final stage involved investigating the evidence of relationships between the overarching themes and identifying quotes that were initially difficult to categorize and integrate into the themes and subthemes. Subthemes were situated under the primary themes in the analysis of the research outcomes.



The interview analysis revealed three overarching themes: virtual circulation, participant interaction, and interactive design. Nine main subthemes (Figure 4) were identified under these primary themes, providing an initial structure for an interactive participatory design framework.





3. Results


3.1. Virtual Circulation and Teleportation


The teleportation method, which enables participants to navigate within the virtual environment, emerged as a significant theme during the VR experiment. The participants explored two distinct teleportation methods for virtual circulation. They employed the Unreal Engine teleportation system for the Sky Garden’s one-way virtual circulation route, requiring them to physically navigate the safe “guardian” area and utilize the B and Y controller buttons for teleportation. Conversely, in Crossrail Place, participants tested the Enscape plugin teleportation method, which allowed them to physically traverse the safe “guardian” area and teleport using the upper trigger button whilst maneuvering with the left-hand controller’s trackpad.




“The virtual circulation was straightforward and user-friendly, although it’s a 3D model, it provides the same sense of scale and a degree of realism akin to the physical environment”.



(Architect participant)





The study’s analysis revealed that each teleportation method possesses distinct potential benefits and limitations. The results indicated that 63.6% of the participants (n = 21) favored Enscape’s teleportation, attributing their preference to its user-friendly interface, flexibility, smooth movement, and the availability of various motion modes, including “walk mode”, “seated mode”, and “flying mode” (Figure 5). The majority of the participants reported enjoying the flying mode as a novel experience, although some identified disorientation as a potential drawback. Notably, a considerable proportion of participants (n = 9) experienced slight dizziness while moving via the trackpad, particularly during the initiation of flight.




“Both methods have their merits; it is pleasant to walk around the space at eye level and use the controllers to position oneself in different locations. The creative aspect of the flying mode, offering unique perspectives unattainable in real life, was also enjoyable. While both methods are advantageous, I prefer Enscape’s teleportation due to its broader range of options”.



(Academic participant)





In spite of the restricted teleportation options offered by the Unreal Engine, 12 participants favored this method, characterizing it as a superior approach for simulating a walking experience (Figure 5). The majority of the participants (n = 31) reported no motion sickness while testing this method, as it relies more on physical walking during teleportation. However, they expressed dissatisfaction with the necessity of using the B and Y controllers for teleportation, which seemed to disrupt the authentic walking experience. As highlighted by most of the participants, a significant constraint of this method is the physical space requirements within the laboratory setting; a vast, unobstructed walkable area would be necessary to achieve a fully immersive walking experience.




“I believe the Unreal Engine method was quite realistic when I began walking and looking around; however, the experience was not continuous, as I had to repeatedly press the buttons, causing it to skip intermittently. Thus, it did not provide a genuine walking experience unless a vast space was available”.



(Landscape designer participant)





3.1.1. Preferred Navigation Mode in Virtual Environments


The favored VR mode indicated by the participants (n = 16) was walking, owing to the human-scale, consistent pace of movement that facilitated environmental exploration. Walking was linked to tangible benefits for both mental and physical health in real life, while teleporting, though convenient and enjoyable, was disconnected from authentic human experiences (Figure 6). During the interviews, a considerable number of participants (n = 9) pondered the idea that when physical space is limited, a treadmill could serve as a practical means of navigating within VR. Omnidirectional treadmills are currently available and could offer an intriguing experience for participants; however, the primary barriers include the significant expense and the requisite training to operate the equipment effectively (Figure 7).




“I would rather be moving than merely sitting. I think a VR treadmill sounds appealing, as it will be beneficial for actual physical health and also help to reduce VR sickness symptoms”.



(Game designer participant)





Elderly participants generally preferred the seated VR experience, describing it as the “safest” and “most convenient” method for exploring virtual environments (Figure 6).




“I prefer a hybrid mode; I enjoy physically walking around while also having the opportunity and freedom to use the controllers for teleportation.”.



(A participant who had previously visited both gardens in person)






3.1.2. VR Sickness


This study showed that motion sickness can be reduced by limiting the time of users in VR to 20 min and allowing breaks during the exercise. Moreover, a hybrid teleportation method can encourage participants to walk in a safe environment. The results of the experiment showed a slight increase in the discomfort symptoms such as headache, eyestrain, blurred vision, dizziness, and sickness when testing both teleportation systems. This was documented and illustrated as shown in the following diagram (Figure 8), with most of the symptoms marginally increasing during the first experiment of the Sky Garden. They continued their gradual increase during the second experiment of Crossrail Place. However, the Crossrail Place experiment recorded the most significant increase in the dizziness effect, due to excessive use of the flying mode available in Enscape that was used by some of the participants.





3.2. Design Concerns


In this study, most of the participants (n = 30) frequently highlighted the significant role of immersive virtual circulation methods, available in both Unreal Engine and Enscape, in elucidating design considerations related to both garden spaces. The incorporation of teleportation and virtual ambulation offered participants a detailed understanding of various design components, such as scale, lighting, materials, and furniture arrangement.



Notably, these VR platforms empowered a diverse group of participants, including those without formal training in architecture or urban design, to articulate their design constraints and actively engage in real-time editing and testing of their ideas (Figure 9 and Figure 10). Furthermore, the inclusion of the Enscape library, which enabled the integration of numerous human models into the Crossrail Place VR model, significantly enhanced the participants’ ability to interact with the space, allowing them to consider potential usage and activities that could transpire within the physical environment. The utilization of both platforms facilitated the identification of participants’ needs and design apprehensions within the spatial environments, providing valuable insights into the strengths and limitations of each VR platform’s capabilities to interact with the virtual environment. A more comprehensive analysis of these interactions is presented in the interactive design section.




“I appreciate the static human models in the Crossrail Place model, as they help identify needs and activities in the space. Observing these virtual interactions, like a father with a child or friends taking pictures, evokes the experience of watching people in real-life urban settings”.



(Academic participant)





The majority of the participants (n = 28) consistently observed that the VR experience, enabled by both Unreal Engine and Enscape, engaged their senses and fostered interaction with diverse design features and objects in the spatial environment (Figure 11). This immersive approach heightened their comprehension of needs and usage within the space, while also stimulating creativity and the investigation of alternative design scenarios. Nonetheless, the lack of specific sensory experiences—such as tactile sensations, air movement, olfactory stimuli, and footstep sounds—was recognized as a considerable obstacle to attaining a fully immersive VR experience.




“I wish there were tactile capabilities; experiencing material textures would greatly enhance the experience. For instance, with the leather chair, being able to feel the material would be beneficial. Sometimes, objects may appear visually appealing but lack comfort”.



(A participant who has not physically visited either garden)






3.3. Interactive Design


The opportunity for interactive design emerged as the most salient and enjoyable theme among the participants. All participants (n = 33) concurred that employing these novel tools and features could substantially enhance their perception of design quality in both case studies. A significant proportion of participants (n = 28) posited that utilizing these tools in architectural design can effectively engage users in visualizing and refining intricate aspects of a project. Furthermore, such interaction allows users to comprehend specific design challenges, enabling them to modify the design and evaluate the space’s utility based on their individual needs and preferred activities.



Utilizing the Unreal Engine platform, the researcher constructed interactive VR environments by employing the Blueprints visual scripting method. A range of interactive features, such as real-time material changes, were made possible through this approach, with numerous interactive materials integrated into the floors, bars, chairs, and walls of the Sky Garden for the participants to select and adapt. Additional interactive components facilitated by Unreal Engine include X-ray capabilities, object manipulation, virtual annotations, and virtual camera functionality. In contrast, Enscape provides features such as light simulation and screenshot rendering. However, the degree of participant control in terms of design alterations, encompassing objects and materials, is notably limited within this platform. Despite these constraints, the study investigator introduced and adjusted design elements, enabling participants to evaluate them in real time as they explored the virtual environment of Crossrail Place, in accordance with their individual preferences.



During the experiment, the interactive design process was categorized into two distinct subcategories: interactive design simulation, and real-time design. Interactive design simulation provided participants with the ability to control and assess various design scenarios within the space, encompassing aspects such as light simulation, which facilitated the real-time evaluation of lighting conditions at different times of day and seasons. Other elements included material alterations for design objects such as floors, walls, tables, and seating spaces; X-ray functionality that enabled participants to move and conceal specific design objects; virtual annotations that allowed for highlighting and sketching of desired changes and requirements within the space; and, ultimately, the use of a virtual camera for capturing rendered images and screenshots of real-time modifications and edits (Table 3).



The findings revealed that the participants found light simulation and material alterations to be the most potent simulation tools, greatly enhancing their experience. Furthermore, the virtual camera was lauded for its enjoyability and effectiveness, as it offered flexibility in capturing real-time spatial alterations whilst serving as an efficient communication medium between users and designers. Finally, the majority of experts and designers underscored the significance of X-ray functionality and virtual annotations as interactive design instruments, invaluable for testing various design strategies and facilitating communication amongst project team members (Figure 12).



Capitalizing on the combination of Revit BIM software and the Enscape plugin, the study investigator facilitated a real-time design experience in VR that was not available in Unreal Engine. This was highlighted by the participants (n = 26) as a powerful, engaging feature for clients and architects during the early design stages, as it can save time and effort. This method was tested by the participants during the second experiment. As they completed their virtual circulation in Crossrail Place, they frequently mentioned their design concerns and identified elements that they would like to see added to the space. Many participants (n = 21) stated that the current design of Crossrail Place Roof Garden needed more interaction, and they suggested new design scenarios and activities to attract more visitors. The most common design themes suggested and tested by the participants, with real-time changes made by the study investigator through Revit, included water elements, exercise spaces, public art, comfortable seating areas, additional flora, open plazas for events, gaming areas, outdoor cafés, and outdoor spaces for animals such as birds and butterflies (Table 3).



Enhanced Design Exploration through VR and AI Integration


Within the scope of this study, it was discerned that a subset of participants (n = 8) demonstrated a keen interest in further exploring design changes for Crossrail Place, following their engagement in the VR experiment utilizing Enscape software. Despite the immersive experience facilitating a more comprehensive understanding of the site’s design and prospective alterations, these participants aspired to investigate and assess additional design ideas that proved challenging to articulate. To surmount this challenge, the participants utilized Enscape-rendered images from the VR experiment in conjunction with the capabilities of VERAS an AI plugin for Autodesk Revit. By employing descriptive prompts, the participants successfully delineated their envisioned changes for Crossrail Place, encompassing the incorporation of materials such as mosaics and bamboo, the addition of cascading plants, and the installation of water fountains (Figure 13). This finding underscores the potential benefits of leveraging VR and AI technologies within the architectural design process, facilitating more refined and informed exploration of design possibilities.




“I envision incorporating a water feature in Crossrail Place as it could create a more dynamic atmosphere. The soothing sounds might offer a calming effect for those seated and reading, while simultaneously serving as an engaging distraction for passers-by”.



(Landscape designer participant)








4. Discussion


This study aimed to explore the implications of two distinct VR platforms—Unreal Engine and Enscape—for architectural design and urban planning by comparing their respective advantages, limitations, and opportunities, thereby contributing to a broader understanding of how VR technologies can enhance the design process. The findings aligned with the existing literature [2,3,10], highlighting the transformative potential of immersive VR technology in decision-making and participatory design in architecture. In line with the experimental study conducted in the previous section, the results demonstrated significant potential for utilizing these novel methods as part of a collaborative approach for designing and refurbishing public spaces. Additionally, 87% of the participants (n = 29) stated that using VR in architecture and urban design has high potential as an effective design tool for communication between space users, clients, and designers. The results also revealed that most of the participants who had previously visited the gardens and those who had only experienced the gardens in VR shared the same design concerns, limitations, and suggested features, showcasing the high capabilities of the VR systems used to capture the real environment for users.



Numerous prior research investigations have explored the utilization of various VR systems’ capabilities within the fields of architecture and urban design; however, they emphasized the knowledge gaps and the necessity for further examination of user behavior and interaction in the virtual world when employing the system’s capabilities to construct an interactive participatory design approach [1,19,37]. This constitutes one of the initial research endeavors examining participants’ interactions with two distinct methods for developing an interactive VR model, endeavoring to integrate AI and VR into BIM. This study’s novelty resides in the comparative analysis of the Unreal Engine and Enscape platforms in architectural design, providing valuable insights for future research and development.



Unreal Engine excels in creating visually realistic, high-fidelity models, providing participants with an immersive experience that closely mimics the real world. This superior visual quality enables participants to thoroughly explore and assess design scenarios, gaining a deeper understanding of spatial configurations and aesthetics [16,62]. However, this platform necessitates exporting digital models from CAD software and requires proficiency in gaming engine software and programming languages such as C++ and Blueprints coding, which may pose limitations on its usability for architects and urban designers aiming to create an interactive VR platform that allows users to change materials, move objects, and create dynamic lighting [63,64,65]. Additionally, concerns were raised about Unreal Engine’s limited teleportation VR method compared to Enscape.



In contrast, Enscape enables real-time design alterations due to its direct integration with Revit, making it more accessible to professionals lacking extensive programming knowledge [19,29]. Although its graphical quality does not quite rival that of Unreal Engine, Enscape offers users a user-friendly interface and simpler navigation, which may lead to increased motion sickness during the virtual experience as a result of different teleportation modes, such as the flying mode. Moreover, real-time interactivity allows users to effectively communicate and collaborate with other team members, streamlining the design process and promoting more efficient exploration of design scenarios [21,22]. The potential integration of emerging technologies such as AI and BIM with VR platforms presents intriguing possibilities for the future of architectural and urban design. Specifically, the combination of Enscape and VERAS provides an opportunity to harness real-time data analysis, predictive modeling, and automated design generation within the virtual environment. These advancements can facilitate more informed decision-making, improve collaboration among team members, and enable seamless communication throughout the project lifecycle [20,66].



The majority of the participants (n = 27) in this study identified the BIM method, employing the Enscape and VERAS plugins, as the most effective approach for constructing an interactive design model in VR. The direct connection between the Revit model and the associated plugins facilitated real-time design modifications. These findings indicate that the strength of utilizing this approach lies not solely in the exceptional level of detail within the virtual model and the immersive experience that it provides, but also in the direct interaction and communication that it fosters between the designer (investigator) and users (participants), as well as other project team members.



Although this study offers valuable insights, it is essential to acknowledge certain limitations. Firstly, the research focused exclusively on two VR platforms, which might limit the generalizability of the findings. Future studies could investigate additional platforms, examining their respective advantages, limitations, and opportunities. Additionally, such studies may benefit from including a larger and more diverse group of participants to better understand the potential impact and usability of these technologies in various contexts. Secondly, constructing a fully immersive and interactive VR using these methods presents several challenges that need addressing to make this technology more accessible to a wider range of designers and the general public. The participants in our study identified four primary areas for improvement: physical space restrictions, VR-induced sickness, social interaction, and sensory stimulation. Physical space constraints were highlighted as a significant obstacle to VR experiences [67,68], with participants favoring the exploration of open, expansive areas for a more authentic experience. Furthermore, our investigation indicated that limiting VR usage to 20-minute intervals and incorporating breaks during the activity could alleviate motion sickness [69,70], while a hybrid teleportation approach might facilitate participants’ safe exploration of their surroundings [71,72].



The majority of the participants expressed an interest in sharing their virtual experiences via social VR applications [73,74], indicating that subsequent research should focus on establishing a direct connection between architectural design software and social VR applications to enhance collaborative design processes. Furthermore, the study participants displayed a propensity to interact with virtual objects through touch, grasping, and manipulation [75,76], suggesting that developing multimodal haptic devices capable of replicating the properties of virtual or remote objects and accommodating human gestures could augment the immersive VR experience. Consequently, further research should explore solutions to these limitations, including the implementation of omnidirectional treadmills [67], the development of strategies for minimizing VR-induced sickness [69,71], the establishment of direct connections between architectural design software and social VR applications [73], and the creation of multimodal haptic devices for sensory stimulation [75,76].



The impact of this study is evident in its potential to influence future research and the development of more accessible and integrated VR solutions for the architectural design and urban design community. By highlighting the areas for improvement and opportunities for each platform, this study provides a foundation for further exploration of VR technologies and their potential to transform the design process. Moreover, this research emphasizes the importance of considering user experience, social interaction, and sensory stimulation in the development of VR platforms for architectural design and urban planning. By addressing these aspects, future research could contribute to the development of more effective and engaging VR solutions that benefit both designers and end-users. Lastly, this research raises questions about the role of artificial intelligence (AI) in enhancing VR capabilities for real-time design and collaboration. Future studies could investigate the potential of AI-driven VR tools in enabling designers, clients, and end-users to seamlessly collaborate and contribute to the design process.




5. Conclusions


In conclusion, this study provides valuable insights into the implications of using two distinct VR platforms for architectural and urban design projects: a gamification-based method using Unreal Engine, and a BIM method utilizing the Enscape plugin for Revit. By comparing their respective advantages, limitations, and opportunities, this research contributes to the broader understanding of how VR technologies can enhance the design process, streamline decision-making, and facilitate participatory design. The experimental study that we conducted demonstrates the potential of employing these methods as collaborative approaches for designing and refurbishing public spaces. The majority of participants acknowledged the effectiveness of VR as a communications tool among space users, clients, and designers.



Despite the limitations related to the generalizability of the findings and the challenges of creating a fully immersive and interactive VR experience, this research lays a foundation for the future exploration of additional platforms, as well as solutions to the identified limitations. These include addressing physical space constraints, mitigating VR-induced sickness, enhancing social interaction, and stimulating the senses through multimodal haptic devices. Furthermore, this study emphasizes the importance of considering user experience, social interaction, and sensory stimulation in the development of VR platforms, which can lead to more effective and engaging solutions that benefit both designers and end-users.



In light of these findings, it is strongly recommended that future development of architectural software should focus on integrating VR into a more intuitive design system. Importantly, this new system should not necessitate designers acquiring additional programming skills or exporting digital models to other game engines. The implications of this research are apparent in its potential to guide future investigations and the development of accessible, integrated VR solutions for the architectural and urban design communities. Furthermore, this study raises questions concerning the role of artificial intelligence (AI) in enhancing VR capabilities for real-time design and collaboration, presenting a compelling area for future research. By addressing the limitations and capitalizing on the opportunities for improvement, this study can significantly contribute to the advancement of VR technology in architectural and urban design, ultimately revolutionizing the design process and fostering a more inclusive, collaborative, and innovative approach that benefits both the profession and the communities that they serve.







Author Contributions


Methodology, A.E. and G.B.; Software, A.E. and G.B.; Formal analysis, A.E.; Investigation, A.E. and T.H.; Writing—original draft, A.E.; Writing—review & editing, A.E. and T.H.; Supervision, G.B. and T.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the University of Nottingham, The Faculty of Engineering Research Excellence PhD Scholarship.




Data Availability Statement


The data presented in this study is unavailable due to privacy and ethical restrictions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jamei, E.; Mortimer, M.; Seyedmahmoudian, M.; Horan, B.; Stojcevski, A. Investigating the role of virtual reality in planning for sustainable smart cities. Sustainability 2017, 9, 2006. [Google Scholar] [CrossRef]

	



Van Leeuwen, J.P.; Hermans, K.; Jylhä, A.; Quanjer, A.J.; Nijman, H. Effectiveness of virtual reality in participatory urban planning: A case study. In Proceedings of the 4th Media Architecture Biennale Conference, Beijing, China, 13–16 November 2018; pp. 128–136. [Google Scholar]

	



Sanchez-Sepulveda, M.; Fonseca, D.; Franquesa, J.; Redondo, E. Virtual interactive innovations applied for digital urban transformations. Mix. Approach. Future Gener. Comput. Syst. 2019, 91, 371–381. [Google Scholar] [CrossRef]

	



Nabatchi, T.; Ertinger, E.; Leighninger, M. The future of public participation: Better design, better laws, better systems. Confl. Resolut. Q. 2015, 33, S35–S44. [Google Scholar] [CrossRef]

	



Wates, N. The Community Planning Handbook: How People Can Shape Their Cities, Towns and Villages in Any Part of the World; Routledge: Abingdon-on-Thames, UK, 2014. [Google Scholar]

	



Schrom-Feiertag, H.; Stubenschrott, M.; Regal, G.; Matyus, T.; Seer, S. An interactive and responsive virtual reality environment for participatory urban planning. In Proceedings of the 11th Annual Symposium on Simulation for Architecture and Urban Design, Online, 25–28 May 2020; pp. 1–7. [Google Scholar]

	



Rubio-Tamayo, J.L.; Gertrudix Barrio, M.; García García, F. Immersive environments and virtual reality: Systematic review and advances in communication, interaction and simulation. Multimodal Technol. Interact. 2017, 1, 21. [Google Scholar] [CrossRef]

	



Portman, M.E.; Natapov, A.; Fisher-Gewirtzman, D. To go where no man has gone before: Virtual reality in architecture, landscape architecture and environmental planning. Comput. Environ. Urban Syst. 2015, 54, 376–384. [Google Scholar] [CrossRef]

	



Collins English Dictionary; Complete and Unabridged; HarperCollins Publishers: London, UK, 2014.

	



Meenar, M.; Kitson, J. Using multi-sensory and multi-dimensional immersive virtual reality in participatory planning. Urban Sci. 2020, 4, 34. [Google Scholar] [CrossRef]

	



Yu, C.P.; Lee, H.Y.; Luo, X.Y. The effect of virtual reality forest and urban environments on physiological and psychological responses. Urban For. Urban Green. 2018, 35, 106–114. [Google Scholar] [CrossRef]

	



Fazeli, N.; Oller, M.; Wu, J.; Wu, Z.; Tenenbaum, J.B.; Rodriguez, A. See, feel, act: Hierarchical learning for complex manipulation skills with multisensory fusion. Sci. Robot. 2019, 4, eaav3123. [Google Scholar] [CrossRef]

	



Yu, R.; Gu, N.; Lee, G.; Khan, A. A Systematic Review of Architectural Design Collaboration in Immersive Virtual Environments. Designs 2022, 6, 93. [Google Scholar] [CrossRef]

	



Slater, M.; Gonzalez-Liencres, C.; Haggard, P.; Vinkers, C.; Gregory-Clarke, R.; Jelley, S.; Watson, Z.; Breen, G.; Schwarz, R.; Steptoe, W.; et al. The ethics of realism in virtual and augmented reality. Front. Virtual Real. 2020, 1, 1. [Google Scholar] [CrossRef]

	



Zhang, C.; Zeng, W.; Liu, L. UrbanVR: An immersive analytics system for context-aware urban design. Comput. Graph. 2021, 99, 128–138. [Google Scholar] [CrossRef]

	



Panya, D.S.; Kim, T.; Choo, S. An interactive design change methodology using a BIM-based Virtual Reality and Augmented Reality. J. Build. Eng. 2023, 68, 106030. [Google Scholar] [CrossRef]

	



Zaker, R.; Coloma, E. Virtual reality-integrated workflow in BIM-enabled projects collaboration and design review: A case study. Vis. Eng. 2018, 6, 4. [Google Scholar] [CrossRef]

	



Kim, S.; Kim, J.; Kim, B. Immersive virtual reality-aided conjoint analysis of urban square preference by living environment. Sustainability 2020, 12, 6440. [Google Scholar] [CrossRef]

	



Safikhani, S.; Keller, S.; Schweiger, G.; Pirker, J. Immersive virtual reality for extending the potential of building information modeling in architecture, engineering, and construction sector: Systematic review. Int. J. Digit. Earth 2022, 15, 503–526. [Google Scholar] [CrossRef]

	



Alizadehsalehi, S.; Hadavi, A.; Huang, J.C. From BIM to extended reality in the AEC industry. Autom. Constr. 2020, 116, 103254. [Google Scholar] [CrossRef]

	



Schiavi, B.; Havard, V.; Beddiar, K.; Baudry, D. BIM data flow architecture with AR/VR technologies: Use cases in architecture, engineering and construction. Autom. Constr. 2022, 134, 104054. [Google Scholar] [CrossRef]

	



Ververidis, D.; Nikolopoulos, S.; Kompatsiaris, I. A Review of Collaborative Virtual Reality Systems for the Architecture, Engineering, and Construction Industry. Architecture 2022, 2, 476–496. [Google Scholar] [CrossRef]

	



Bernstein, P.G. Architecture|Design|Data; Birkhäuser: Basel, Switzerland, 2018. [Google Scholar]

	



Liu, Z.; Lu, Y.; Peh, L.C. A review and scientometric analysis of global building information modeling (BIM) research in the architecture, engineering and construction (AEC) industry. Buildings 2019, 9, 210. [Google Scholar] [CrossRef]

	



Abbasnejad, B.; Nepal, M.P.; Ahankoob, A.; Nasirian, A.; Drogemuller, R. Building Information Modelling (BIM) adoption and implementation enablers in AEC firms: A systematic literature review. Archit. Eng. Des. Manag. 2021, 17, 411–433. [Google Scholar] [CrossRef]

	



Noghabaei, M.; Heydarian, A.; Balali, V.; Han, K. Trend analysis on adoption of virtual and augmented reality in the architecture, engineering, and construction industry. Data 2020, 5, 26. [Google Scholar] [CrossRef]

	



Liu, S.; Xie, B.; Tivendale, L.; Liu, C. Critical barriers to BIM implementation in the AEC industry. Int. J. Mark. Stud. 2015, 7, 162. [Google Scholar] [CrossRef]

	



Sidani, A.; Dinis, F.M.; Sanhudo, L.; Duarte, J.; Santos Baptista, J.; Pocas Martins, J.; Soeiro, A. Recent tools and techniques of BIM-based virtual reality: A systematic review. Arch. Comput. Methods Eng. 2021, 28, 449–462. [Google Scholar] [CrossRef]

	



Davidson, J.; Fowler, J.; Pantazis, C.; Sannino, M.; Walker, J.; Sheikhkhoshkar, M.; Rahimian, F.P. Integration of VR with BIM to facilitate real-time creation of bill of quantities during the design phase: A proof of concept study. Front. Eng. Manag. 2020, 7, 396–403. [Google Scholar] [CrossRef]

	



Huang, Y.; Shakya, S.; Odeleye, T. Comparing the functionality between virtual reality and mixed reality for architecture and construction uses. J. Civ. Eng. Archit. 2019, 13, 409–414. [Google Scholar]

	



Chettri, L.; Bera, R. A comprehensive survey on Internet of Things (IoT) toward 5G wireless systems. IEEE Internet Things J. 2019, 7, 16–32. [Google Scholar] [CrossRef]

	



Jia, M.; Komeily, A.; Wang, Y.; Srinivasan, R.S. Adopting Internet of Things for the development of smart buildings: A review of enabling technologies and applications. Autom. Constr. 2019, 101, 111–126. [Google Scholar] [CrossRef]

	



Kozlovska, M.; Klosova, D.; Strukova, Z. Impact of industry 4.0 platform on the formation of construction 4.0 concept: A literature review. Sustainability 2021, 13, 2683. [Google Scholar] [CrossRef]

	



Baduge, S.K.; Thilakarathna, S.; Perera, J.S.; Arashpour, M.; Sharafi, P.; Teodosio, B.; Shringi, A.; Mendis, P. Artificial intelligence and smart vision for building and construction 4.0: Machine and deep learning methods and applications. Autom. Constr. 2022, 141, 104440. [Google Scholar] [CrossRef]

	



Alizadehsalehi, S.; Yitmen, I. Digital twin-based progress monitoring management model through reality capture to extended reality technologies (DRX). Smart Sustain. Built Environ. 2021, 12, 200–236. [Google Scholar] [CrossRef]

	



Darko, A.; Chan, A.P.; Adabre, M.A.; Edwards, D.J.; Hosseini, M.R.; Ameyaw, E.E. Artificial intelligence in the AEC industry: Scientometric analysis and visualization of research activities. Autom. Constr. 2020, 112, 103081. [Google Scholar] [CrossRef]

	



Zhang, Y.; Liu, H.; Kang, S.C.; Al-Hussein, M. Virtual reality applications for the built environment: Research trends and opportunities. Autom. Constr. 2020, 118, 103311. [Google Scholar] [CrossRef]

	



Baghalzadeh Shishehgarkhaneh, M.; Keivani, A.; Moehler, R.C.; Jelodari, N.; Roshdi Laleh, S. Internet of Things (IoT), Building Information Modeling (BIM), and Digital Twin (DT) in Construction Industry: A Review, Bibliometric, and Network Analysis. Buildings 2022, 12, 1503. [Google Scholar] [CrossRef]

	



Evolve Lab. VERAS: AI Design Engine for Revit. 2023. Available online: https://www.evolvelab.io/veras (accessed on 6 April 2023).

	



Gao, G.; Li, W. Architecture of visual design creation system based on 5G virtual reality. Int. J. Commun. Syst. 2022, 35, e4750. [Google Scholar] [CrossRef]

	



Fonseca, D.; Villagrasa, S.; Navarro, I.; Redondo, E.; Valls, F.; Sánchez, A. Urban gamification in architecture education. In Recent Advances in Information Systems and Technologies; Springer International Publishing: Berlin/Heidelberg, Germany, 2017; Volume 3–5, pp. 335–341. [Google Scholar]

	



Deterding, S.; Dixon, D.; Khaled, R.; Nacke, L. From game design elements to gamefulness: Defining “gamification”. In Proceedings of the 15th International Academic MindTrek Conference: Envisioning Future Media Environments, Tampere, Finland, 28–30 September 2011; pp. 9–15. [Google Scholar]

	



Hamari, J.; Koivisto, J.; Sarsa, H. Does gamification work?—A literature review of empirical studies on gamification. In Proceedings of the 2014 47th Hawaii International Conference on System Sciences, Washington, DC, USA, 6–9 January 2014; pp. 3025–3034. [Google Scholar]

	



Deterding, S. Gamification in management: Between choice architecture and humanistic design. J. Manag. Inq. 2019, 28, 131–136. [Google Scholar] [CrossRef]

	



Hakak, S.; Noor, N.F.M.; Ayub, M.N.; Affal, H.; Hussin, N.; Imran, M. Cloud-assisted gamification for education and learning–Recent advances and challenges. Comput. Electr. Eng. 2019, 74, 22–34. [Google Scholar] [CrossRef]

	



Kavouras, I.; Sardis, E.; Protopapadakis, E.; Rallis, I.; Doulamis, A.; Doulamis, N. A Low-Cost Gamified Urban Planning Methodology Enhanced with Co-Creation and Participatory Approaches. Sustainability 2023, 15, 2297. [Google Scholar] [CrossRef]

	



Fonseca, D.; Cavalcanti, J.; Peña, E.; Valls, V.; Sanchez-Sepúlveda, M.; Moreira, F.; Navarro, I.; Redondo, E. Mixed assessment of virtual serious games applied in architectural and urban design education. Sensors 2021, 21, 3102. [Google Scholar] [CrossRef]

	



Cho, I.S.; Heng, C.K.; Trivic, Z. Re-Framing Urban Space: Urban Design for Emerging Hybrid and High-Density Conditions; Routledge: Abingdon-on-Thames, UK, 2015. [Google Scholar]

	



Lehmann, S. Sustainable urbanism: Towards a framework for quality and optimal density? Future Cities Environ. 2016, 2, 8. [Google Scholar] [CrossRef]

	



Hadi, Y.; Heath, T.; Oldfield, P. Gardens in the sky: Emotional experiences in the communal spaces at height in the Pinnacle@ Duxton, Singapore. Emot. Space Soc. 2018, 28, 104–111. [Google Scholar] [CrossRef]

	



Pomeroy, J. The Skycourt and Skygarden: Greening the Urban Habitat; Routledge: Abingdon-on-Thames, UK, 2013. [Google Scholar]

	



Sky-Garden. Sky Garden Visitor Rules & Regulations. 2015. Available online: https://skygarden.london/terms-conditions/ (accessed on 4 May 2020).

	



Bosetti, N.; Brown, R.; Belcher, E.; Washington-Ihieme, M. Public London: The Regulation, Management and Use of Public Spaces; Centre for London: London, UK, 2019. [Google Scholar]

	



Epic Games. Unreal Engine. 2019. Available online: https://www.unrealengine.com (accessed on 8 May 2020).

	



Enscape GmbH. Enscape [Computer software]. 2015. Available online: https://enscape3d.com/ (accessed on 10 June 2021).

	



Meta. Meta Quest 2 [Virtual Reality Headset]. 2020. Available online: https://www.meta.com/gb/quest/products/quest-2/ (accessed on 12 April 2021).

	



GoPro. GoPro MAX [Camera]. 2019. Available online: https://gopro.com/en/gb (accessed on 15 May 2021).

	



Sharples, S.; Burnett, G.; Cobb, S. Sickness in virtual reality. In Advances in Virtual Reality and Anxiety Disorders; Springer: New York, NY, USA, 2014; pp. 35–62. [Google Scholar]

	



Kim, H.K.; Park, J.; Choi, Y.; Choe, M. Virtual reality sickness questionnaire (VRSQ): Motion sickness measurement index in a virtual reality environment. Appl. Ergon. 2018, 69, 66–73. [Google Scholar] [CrossRef] [PubMed]

	



Schreier, M. Varianten qualitativer Inhaltsanalyse: Ein wegweiser im dickicht der Begrifflichkeiten. Forum Qual. Sozialforschung/Forum Qual. Soc. Res. 2014, 15, 18. [Google Scholar]

	



Hsieh, H.F.; Shannon, S.E. Three approaches to qualitative content analysis. Qual. Health Res. 2005, 15, 1277–1288. [Google Scholar] [CrossRef] [PubMed]

	



Khan, A.; Sepasgozar, S.; Liu, T.; Yu, R. Integration of BIM and immersive technologies for AEC: A scientometric-SWOT analysis and critical content review. Buildings 2021, 11, 126. [Google Scholar] [CrossRef]

	



Mack, K.; Ruud, R. Unreal Engine 4 Virtual Reality Projects: Build Immersive, Real-world VR Applications Using UE4, C++, and Unreal Blueprints; Packt Publishing Ltd.: Birmingham, UK, 2019. [Google Scholar]

	



Prabhakaran, A.; Mahamadu, A.M.; Mahdjoubi, L. Understanding the challenges of immersive technology use in the architecture and construction industry: A systematic review. Autom. Constr. 2022, 137, 104228. [Google Scholar] [CrossRef]

	



Rahimian, F.P.; Chavdarova, V.; Oliver, S.; Chamo, F.; Amobi, L.P. OpenBIM-Tango integrated virtual showroom for offsite manufactured production of self-build housing. Autom. Constr. 2019, 102, 1–16. [Google Scholar] [CrossRef]

	



Pan, Y.; Zhang, L. Integrating BIM and AI for Smart Construction Management: Current Status and Future Directions. Arch. Comput. Methods Eng. 2022, 30, 1081–1110. [Google Scholar] [CrossRef]

	



Hooks, K.; Ferguson, W.; Morillo, P.; Cruz-Neira, C. Evaluating the user experience of omnidirectional VR walking simulators. Entertain. Comput. 2020, 34, 100352. [Google Scholar] [CrossRef]

	



Nilsson, N.C.; Serafin, S.; Steinicke, F.; Nordahl, R. Natural walking in virtual reality: A review. Comput. Entertain. (CIE) 2018, 16, 1–22. [Google Scholar] [CrossRef]

	



Saredakis, D.; Szpak, A.; Birckhead, B.; Keage, H.A.; Rizzo, A.; Loetscher, T. Factors associated with virtual reality sickness in head-mounted displays: A systematic review and meta-analysis. Front. Hum. Neurosci. 2020, 14, 96. [Google Scholar] [CrossRef]

	



Keshavarz, B.; Golding, J.F. Motion sickness: Current concepts and management. Curr. Opin. Neurol. 2022, 35, 107–112. [Google Scholar] [CrossRef] [PubMed]

	



Chang, E.; Kim, H.T.; Yoo, B. Virtual reality sickness: A review of causes and measurements. Int. J. Hum.–Comput. Interact. 2020, 36, 1658–1682. [Google Scholar] [CrossRef]

	



Boletsis, C.; Chasanidou, D. A Typology of Virtual Reality Locomotion Techniques. Multimodal Technol. Interact. 2022, 6, 72. [Google Scholar] [CrossRef]

	



Jalo, H.; Pirkkalainen, H.; Torro, O.; Lounakoski, M.; Puhto, J. Enabling Factors of Social Virtual Reality Diffusion in Organizations. Association for Information Systems. 2020. Available online: https://urn.fi/URN:NBN:fi:tuni-202008206570 (accessed on 10 April 2023).

	



McVeigh-Schultz, J.; Kolesnichenko, A.; Isbister, K. Shaping pro-social interaction in VR: An emerging design framework. In Proceedings of the 2019 CHI Conference on Human Factors in Computing Systems, Glasgow, UK, 4–9 May 2019; pp. 1–12. [Google Scholar]

	



Gallace, A. Haptic Interaction in Virtual Reality. In Handbook of Research on Implementing Digital Reality and Interactive Technologies to Achieve Society 5.0; IGI Global: Hershey, PA, USA, 2022. [Google Scholar]

	



Yin, J.; Hinchet, R.; Shea, H.; Majidi, C. Wearable soft technologies for haptic sensing and feedback. Adv. Funct. Mater. 2021, 31, 2007428. [Google Scholar] [CrossRef]








[image: Buildings 13 01262 g001 550] 





Figure 1. London Sky Garden model, Unreal Engine; source: author’s model. 
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Figure 2. Crossrail Place Roof Garden model, Enscape plugin; source: author’s model. 
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Figure 3. A schematic representation comparing the methodologies and processes involved in the creation of interactive VR models and participant engagement with interactive design features. Source: authors. 
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Figure 4. Framework displaying the main themes and subthemes for the VR experiment. 
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Figure 5. Graph chart for participants’ responses about the different teleportation methods used in the study. Source: authors. 
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Figure 6. Participants testing different VR modes. Source: authors. 
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Figure 7. Graph chart for participants’ VR mode preferences. Source: authors. 
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Figure 8. Graph chart for the participants’ average personal comfort before and after the study. Source: authors. 
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Figure 9. Bubble diagram illustrating the participants’ design concerns after teleporting in the Sky Garden model. Source: authors. 
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Figure 10. Bubble diagram illustrating the participants’ design concerns after teleporting in the Crossrail Place model. Source: authors. 
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Figure 11. Participants’ interactions within the virtual environment. Source: authors. 
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Figure 12. Graph chart for the participants’ selection of the interactive design simulation features. Source: authors. 
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Figure 13. AI-generated designs for Crossrail Place Roof Garden, created by participants using VERAS on Revit. 
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Table 1. Experimental procedures.
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	Activity
	Duration





	Induction (health and safety and consent)
	15 min



	Survey
	10 min



	Sickness questionnaire
	5 min



	London Sky Garden (VR experiment)
	10 min



	Break (sickness questionnaire)
	10 min



	Crossrail Place Roof Garden (VR experiment)
	10 min



	Break (sickness questionnaire)
	10 min



	Semi-structured interview
	30 min
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Table 2. Demographic survey results for VR participants.
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Group

	
Description

	
Percentage

	
Number of Participants






	
A

	
Visited gardens before VR experiment

	
36%

	
12




	
Exposed to the gardens only through VR

	
64%

	
21




	
B

	
Public users

	
55%

	
18




	
Experts

	
45%

	
15




	
C

	
First-time VR users

	
52%

	
17




	
Occasional VR users

	
42%

	
14




	
Regular VR users

	
6%

	
2
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Table 3. Displaying the differences between the main interactive design features tested by the participants on both VR platforms.
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Design Feature

	
VR Platform

	
Participant Quotes

	
Image






	
Changing materials

	
Unreal Engine

	


“I appreciated the ability to change materials and modify the design of elements. It’s a potent interactive tool, particularly for visual learners.”
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Virtual camera

	
Unreal Engine and Enscape

	


“I enjoyed using the virtual camera in VR; it was engaging and encouraged me to explore different design alternatives. Capturing these static images of the changes allowed me to compare them at my convenience.”
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X-ray and virtual annotations

	
Unreal Engine

	


“The X-ray and annotation features are valuable for architects, enabling free line drawing and aiding in identifying design constraints. It’s an excellent collaboration tool for design teams and clients during the design process.”
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Light simulation

	
Enscape

	


“Undoubtedly, the light simulation was an exceedingly effective tool and well-executed. I believe it holds the potential to significantly influence design changes, making it more sustainable.”
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Real-time design

	
Enscape

	


“I would like to see the roof garden as an adaptable space having different activities and themes that could be changed regularly.”
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“I think a Calisthenics park, or an outdoor gym would be good for people to exercise in this open environment.”
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