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As a methodology, design thinking involves practicing “a way of thinking” that non-designers can use as a source of inspiration instead being limited to a group of professional designers. This methodology has gained research attention because of the growing demands for social innovation and sustainability. The general public is expected to gain design-thinking skills through training or by applying design-thinking tools. Virtual reality (VR) is considered a potential tool to help accelerate augmenting design-thinking skills because it allows users to have embodied and immersive experiences. This study reviews existing literature on how VR has been used to enhance design-thinking skills. The general features of the publications such as the year of publication, design-thinking stages, VR types, targeted participants, and publication fields are analyzed for determining the latest trends and scenarios under this research topic. Further, a thematic analysis that follows creative enhancement structures is conducted to understand the role of VR in enhancing design-thinking skills, and future research directions are discussed based on the results. The review concludes that VR has the potential to enhance creativity in many aspects. Moreover, it highlights the need of gaining deeper understanding about 1) art, humanities, and societal perspectives; 2) cognition processes in VR; 3) emphasizing and defining stages in the design-thinking process; 4) technological improvements combined with the Metaverse; and 5) hybrid of the virtual and real worlds.
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1 INTRODUCTION
In recent years, the increasing popularity of design thinking has inspired the establishment of design-thinking tanks in well-known consulting firms, such as SAP, McKinsey, Accenture, PWC, Deloitte, and IBM; this demonstrates the future dominance of design-thinking skills (Godin and Pridmore, 2019). With design thinking, participants are expected to co-create with multiple stakeholders and foster organizational innovation using various innovative strategies in design projects. In principle, design thinking aims to immerse participants in scenarios that enable them to think and act in a manner similar to professional designers. Design thinking provides participants with appropriate design questions and strategies to analyze, synthesize, diverge, and generate insights (Brown and Katz, 2011; Panke, 2019). Thus, design thinking forms one of the best approaches to innovation and creativity (Johansson-Sköldberg et al., 2013).
Nations and corporations seek creative professionals to build competitiveness because gaining or improving design-thinking skills has progressively emerged as a necessity. Regardless of discipline, an increasing number of universities have developed training sessions to aid students in improving their design-thinking skills. However, as an experiential and interdisciplinary course, the training sessions on design-thinking skills are expensive and challenging (Seidel et al., 2020). Non-etheless, virtual reality (VR) is a proven aid for the experiential learning process because it promotes involvement and starts from a solid experience (Chang et al., 2020). More importantly, as VR reduces the cost of design iterations by a significant extent (Yoshida et al., 2000), it can be utilized to enhance the design-thinking process.
The development of tools for enhancing design thinking has emerged as a research hotspot for technological improvement. Previous studies investigated the human–computer interaction (HCI) experience of users (Fröhlich et al., 2018; Zimmerer et al., 2020), emotional activities in the virtual world (Rieuf et al., 2017), design-thinking education in VR such as experiential learning (Chang et al., 2020) and inventive thinking (Bujdosó et al., 2017), and the use of VR to facilitate industrial design-thinking processes (Berg and Vance, 2017; Bellalouna, 2019).
We recognize VR as an effective tool for improving design-thinking skills because it aids in both the training and design processes. Nevertheless, the scope and character of design in virtual settings are understood adequately. A survey on the design-thinking processes in the virtual world can help improve our knowledge of these state-of-the-art design tools and allow us to create a more efficient design process in VR with evidence-based prescriptions. This study aims to determine the extent to which design-thinking skills have been studied in virtual environments and propose future research directions for implementing VR to improve the experience or education of design-thinking skills.
1.1 Definition
Before reviewing the applications of VR for enhancing design thinking, we must clarify the definition of VR and the scope of design-thinking skills. Although the precise definition of VR varies, it is defined as the digital form of a three-dimensional item and/or environment (Kavanagh et al., 2017). To include all relevant studies, we adopted this broad definition and surveyed both immersive VR—displayed on head-mounted displays (HMDs) or cave automatic virtual environment (CAVE) with high interactive implementation—and non-immersive VR—displayed on computer screens with keyboard and mouse interactions (Shahrbanian et al., 2012). This review covers diverse forms of VR, e.g., HMD, CAVE, desktop, and projection.
Design thinking has been predominantly cited in managerial domains. In the broad sense, design thinking originates from practicing “a way of thinking” that non-designers can use as a source of inspiration instead of being limited to a group of professional designers (Johansson-Sköldberg et al., 2013). The discourse of applying design thinking to organizational innovation is an ongoing cycle of generating ideas (abduction), predicting consequences (deduction), testing, and generalizing (induction), and it has become an approach for handling indeterminate organizational problems, which is a necessary skill for practicing managers familiar with cognitively grounded arguments. Therefore, it is a necessary component of management education (Johansson-Sköldberg et al., 2013). In this study, we emphasize translating the creative thinking and working methods of a designer into tools that anyone can learn to use to harbor and manifest creative ideas for organizations and societies, especially as a “finder” or “worker” (Razzouk and Shute, 2012). Consequently, this research focuses on 1) the general public rather than professional designers, 2) tooling up the design process or model the designers’ thinking process, 3) creativity, and 4) classifying the design-thinking processes (Plattner et al., 2010).
1.2 Enhancing design-thinking skills
Design thinking can be defined as a process that encourages a person to iteratively experiment, create, prototype, and obtain feedback (Razzouk and Shute, 2012). It is rooted in a user-centered concept and promotes innovation that emphasizes human needs (Gruber et al., 2015). In addition, its several agreed-upon characteristics such as creativity and co-creation yield similar patterns even under various design-thinking processes. According to the Institute of Design at Stanford University, the design process includes the stages of empathizing, defining, ideating, prototyping, and testing (Plattner et al., 2010). IBM’s suggested design process is a loop of observing, reflecting, and making (IBM, 2018). Furthermore, the renowned double-diamond model developed by the British Design Council depicts the design process as doing the right thing (first diamond) and doing things right (second diamond) (Design Council, 2019). The design-thinking process comprises a problem space and a solution space (Mueller-Roterberg, 2018), and this complex process requires a wide range of abilities and skills. As the improvement of design skills is considered an experiential and interdisciplinary process, the courses of design skills are expensive and difficult to teach (Seidel et al., 2020).
In recent years, an increasing number of global universities and graduate schools have been engaging in design thinking (Kurokawa, 2013). Scholars are exploring the impact of design thinking on various educational scopes, such as management education. Similarly, students are motivated to think extensively regarding challenges, develop a thorough grasp of users, and value others’ contributions (Dunne and Martin, 2006). As observed in a project at Stanford University’s design school, the education of design thinking ranges from issue comprehension to prototype building, and it includes the features of stakeholders’ participation and brief presentations as a key deliverable. One of the most critical factors in design-thinking education is “learn from anything” (Kurokawa, 2013). The current practices for enhancing design skills through education recognize the critical role of experiential learning. Proposed in 1984, experiential learning presumes that knowledge can be acquired by reflective observation and active experimentation (Hanandeh, 2016), and recent evidence suggests that design motivation can be effectively simulated through experiential learning (Mulligan et al., 2018). As VR positively influences the experiential learning process, it can be used to enhance design performance (Chang et al., 2020).
In addition to enhancing design skills through education, several design-thinking tools can help enhance the design process achieve successful innovation (Liedtka, 2011). For instance, fast prototyping is a rapid iterative series of activities that intend to translate the concepts developed in the “What If” stage into tangible models, and most studies have reported successful design outcomes using this tool (Gordon and Bieman, 1995). Moodboard is a tool that arranges images, text, or other materials to evoke concepts and ideas. It assists in honing semantic values and defining symbolic references, which inspires future phases (Ferrara and Russo, 2018). Journey mapping is a visualization approach for customer experience. A flowchart or other graphic formats can assist in understanding and refining services (Samson et al., 2017). Horizon scanning is a method used to predict future political, economic, social, and technological scenarios, which enables users to acquire “weak signals” of the social trend and simulate valuable innovations (Washida and Yahata, 2020). These are only certain examples of the existing design-thinking tools. Typically, design-thinking tools demonstrate evidence-proven methodologies, and users follow a certain pattern to think or prototype. Accordingly, these technologies can increase the effectiveness of design-thinking tools for users (Pham and Gault, 1998).
As discussed previously, design-thinking skills are mostly augmented through experiential learning education or the application of design tools. Thus, we seek more advanced approaches to deliver education and use these tools to enhance design-thinking skills.
1.3 Design skills and virtual reality
VR is not a recent technology; the earliest deployment of a VR system was reported in 1966 in the form of a flight simulator developed for educational purposes for the US Air Force (Page, 2000). Not surprisingly, VR has been used to enhance design-thinking skills with an increase in internet and computational speeds and an improvement in the quality of computer displays. Currently, VR can be simply accessed using only a cell phone, virtual headset, and software applications (van Ginkel et al., 2019).
Compared with traditional learning or design tools, VR is compatible with different types of devices. Both the desktop VR and HMD VR have visual representations of space, and users can explore the virtual environment and carry out activities therein. Moreover, HMD devices realize immersive visualization with built-in screens, enabling users to have a wide field of view. HMD devices can also track users’ movements with sensors or cameras. Most VR headsets are coupled with handheld controllers to interact with virtual objects and environments. Researchers are exploring the application of hand-tracking technology or tangible objects as interaction media to provide natural and novel experience in design (Schkolne et al., 2001; Fan and Pong, 2020). To achieve better performance, some HMDs are required to physically connect to computers, such as HTC Vive (Roupé et al., 2020), while others can be used with a smart phone, such as Google Cardboard (Fan and Pong, 2020). A few studies used CAVE, which needs projectors to create the virtual space (Stark et al., 2010).
Previous studies have established the positive impact of VR on learning performance in terms of cognition, skills, and attitudes (van Ginkel et al., 2019). More specifically, cognitive and learning abilities can be considerably enhanced through VR because it can potentially increase brain neuroplasticity and facilitate the reconfiguration of brain networks (Foster, 2015; Dehn et al., 2018). Furthermore, scholars have confirmed the cognitive learning benefits of VR for exploring surrounding items and environments (Bhattacharjee et al., 2018), which enables students to effortlessly grasp abstract and complex ideas (Schaper et al., 2018). Design skills education can enormously benefit from the explorative space provided by VR, which can help enhance the students’ cognitive abilities and enable skill acquisition through immersive experiences.
Extensive research has demonstrated the benefits of using VR to train design skills. First, VR can promote exploration and interaction, which promotes deep observation and empathy. Prior research has suggested that an explorable space is crucial in co-design (Evans and Söderlund, 2021). VR can provide a space in which students gain first-hand experience of their ideas (Jensen, 2017; Lin et al., 2020) and closely study their design in the aspects of materials and artistic aesthetics (Huang et al., 2018), which helps stimulate cognitive actions and divergent design thinking (Lee et al., 2019). Second, VR augments experiential learning and immersing designers in virtual worlds with prototypes increase their participation in terms of both body and emotions (Rieuf et al., 2015). Therefore, VR focuses on the interactions and experiences related to design processes (Bartosh and Anzalone, 2019). Students learning creative design using VR start their learning journey from a concrete experience, which promotes reflective observation and conceptualization; this process naturally follows an experiential learning method (Chang et al., 2020). Finally, the VR is playful and provides positive emotional feedback. Lau and Lee suggested that students from Hong Kong, who are generally conservative, performed more creatively in virtual systems because they perceived the system to be joyful (Lau and Lee, 2015). More importantly, immersive design experiences have been proven to be pleasant, enjoyable, and addictive (Rieuf et al., 2015). Consequently, students tend to spend more time designing in VR (Bujdosó et al., 2017).
Furthermore, VR can potentially augment the design processes by promoting the effectiveness of design-thinking tools. For instance, a semantic network is used to generate creative ideas, and users can walk through the virtual concept space in VR. Existing studies indicated that subjects generate more ideas after a walkthrough (Georgiev et al., 2017). Moreover, the immersive mood board improves the overall quality of the concept because the immersive experience can establish interactions between designers, design tools, and users (Rieuf et al., 2015).
Several cross-sectional studies have illustrated the potential of using VR to enhance design-thinking skills through education or the design process itself. Despite these positive results, the extent to which design-thinking skills have been enhanced in virtual environments remains unclear. Literature reviews conducted to date, such as those exploring VR integration into brainstorming activities, have revealed the affordances of VR toward the creative process (Gong et al., 2022). Thus, this study explores the aspect of creativity by structurally incorporating the design-thinking process to obtain a comprehensive overview of using VR to enhance creativity throughout the design-thinking journey. Furthermore, we investigated the approaches, effects, and rationale behind them.
1.4 Aims
The utilization of VR for enhancing design-thinking skills has demonstrated immense potential, and it acts as a logical extension of co-creative design-thinking research. The characteristics of VR, such as translating abstract concepts into tangible events and establishing interactions (Alexiou et al., 2004), promote design-thinking skills by augmenting experiential learning and design processes. Motivated by the increasing popularity of applying VR to enhance design thinking and the lack of unified and systematic comprehension in this emerging field, this study attempts to gain a more comprehensive understanding of the extent to which design-thinking skills have been enhanced in virtual environments and to provide future research directions to strengthen VR as a skill-enhancement tool for design thinking.
To fulfill this objective, we intend to uncover 1) the latest research status, especially the research perspectives frequently covered and the aspects that require in-depth study, and 2) the role of VR in enhancing design-thinking skills.
The remainder of the paper is structured as follows. The methodology is described in Section 2, and an overview of the existing publications are presented in Section 3. In Section 4, a thematic analysis is conducted to derive insightful findings and results, based on which the future research directions are discussed in Section 5. Finally, the conclusions of this review are summarized in Section 6.
2 METHODOLOGY
This study primarily conducted a systematic literature review of relevant research and discussed theoretical knowledge to derive critical findings and provide future research directions on the current topic.
2.1 Step 1: Systematic literature review
After clarifying key concepts, we aimed to systematically review the mechanisms through which VR technology enhances design-thinking skills. Therefore, we employed the preferred reporting items for the systematic reviews and meta-analyses (PRISMA) framework (Moher et al., 2009). A four-phase process—identification, screening, eligibility, and inclusion—is prescribed in this framework (Figure 1).
[image: Figure 1]FIGURE 1 | 4-step PRISMA flowchart of this literature review based on included, eligibility, screening, and identification.
Accordingly, we identified the related keywords “virtual reality” and “design thinking.” However, as an emerging field, scholars have used various expressions to describe design thinking. To ensure the inclusion of relevant studies, the keywords “creative design” and “design skills” were also used. The database and search syntax are presented in Table 1. The search was conducted on 30 April 2022, in the Scopus, Web of Science, and ACM Library databases, and the terms were matched in title, abstract, and keywords.
TABLE 1 | Database and search syntax with the number of results (as on 30 April 2022).
[image: Table 1]The results obtained from Scopus, Web of Science, and ACM are 161, 55, and 7, respectively. For relevance, we eliminated duplicates and scanned the abstracts of the remaining 167 records. This exclusion is valid because the records refer to conference information instead of specific studies or articles. Moreover, certain articles discussed VR design, i.e., the research focused on designing a suitable VR system; however, our current objective involves the application of VR for augmenting design skills. In this stage, 48 records were excluded from consideration.
A full-text screening was conducted on the remaining 119 articles to review their applicability. A major challenge was that the creative design activity discussed in this study can be classified as design-thinking skills. According to the scope of design-thinking skills defined in our earlier discussion, studies that translated the creative design process into tools or methodologies to promote creativity among the general public were considered for further survey. However, 58 records were recognized as irrelevant, either because they did not satisfy the defined scope of design-thinking skills or they did not report using VR to enhance design thinking. Furthermore, seven additional studies were excluded because they primarily discussed augmented reality technology, although they instanced mixed reality or immersive technology in their abstracts. Ultimately, 54 records were considered relevant for further review.
2.2 Step 2: Thematic analysis
Step 2 involved a qualitative thematic analysis that is generally applied to qualitative data to identify, analyze, and report thematic patterns (Braun and Clarke, 2006). Because the current aim is to clarify the mechanism and extent of enhancement in design-thinking skills achieved using VR, the current structure of the thematic analysis incorporated five outlines through which VR can be used to enhance creativity and problem solving (Thornhill-Miller and Dupont, 2016).
The creative enhancement structure includes: 1) self and self-perception, 2) interactions and collaborations, 3) environmental conditions, 4) process, and 5) integration of technologies. The creative enhancement structure originates from the four distinct approaches suggested by Lubart (2005) that use HCIs to promote creativity. Lubart (2005) concluded that HCI can assist “the management of creative work, communication between individuals collaborating on creative projects, use of creativity enhancement techniques, and creative act through integrated human–computer cooperation during idea production.” Moreover, upon implementing VR technology, creativity can be enhanced through the fifth approach, labeled “VR and converging technologies of enhancement” (Thornhill-Miller and Dupont, 2016). These thoughts provided the theoretical basis of the creative enhancement structure, and it is well-suited to the thematic analysis of this study.
We review all aspects of this structure and discuss the manner in which VR enhances design-thinking skills based on these aspects, i.e., the benefits of implementing a VR system. Furthermore, we discuss the drawbacks and current limitations of VR technology based on these five perspectives. Because certain publications may cover multiple aspects and the discussion is not limited to a single aspect, we allocated a given article according to its most emphasized aspect of discussion.
2.3 Step 3: Identify future directions
Based on the findings obtained from Steps 1 and 2, we suggest future research directions. The future agenda aims to cover the aspects that are under-researched thus far and those promising immense potential.
3 OVERVIEW OF REVIEWED PUBLICATIONS
Supplementary Table S1 presents an overview of our reviewed publications. To capture the trends and characteristics of VR and design-thinking skills, the overviews of the year of publication, design-thinking classification, VR type, targeted participants, and research field are discussed.
3.1 Year of publication
During the search in all databases, we did not set any limitation on the year of publication. This setting allowed us to derive an initial insight from analyzing the emergence of using VR for enhancing design skills based on the year of the reviewed publications (Figure 2).
[image: Figure 2]FIGURE 2 | Count of publications by year since before 2005 to after 2020.
In our review, the earliest study was published in 2000, and it focused on automobile styling design in a 3D virtual world (Yoshida et al., 2000). Interestingly, the number of publications between 2010 and 2015 more than doubled compared with that in the previous 5 years. In recent years, the number of publications has increased rapidly, and publications after 2020 constitute the largest portion of our reviewed publications, which illustrates the continued growth of research interest in this topic.
The fundamental reason for this increasing trend is the development of related technologies. Almost 6 decades ago, the idea of immersive VR was initially proposed by Sutherland (1965). Thereafter, inspired by various generations of hardware such as CRT displays and electromagnetic tracking, VR re-emerged as a research hotspot in the 1980s and 1990s (Slater and Sanchez-Vives, 2016). The continuous development of VR displays and interactions created more advanced devices such as Oculus, HTC Vive, and Google Cardboard. Currently, we are approaching the availability of inexpensive displays for mass consumption, and every new generation of VR hardware has stimulated interest in innovative applications of VR. More importantly, an increasing number of opportunities are available in this informatics era. VR technology is closely related to the use of 5G and the latest developments in storage/memory, fog/edge computing, computer vision, and artificial intelligence (Bastug et al., 2017). The relevant technologies are developing rapidly at this stage.
In contrast, new requirements in the design field underscore the significance of design-thinking skills and raise the demand for further enhancement of creative design. For instance, we are shifting from the user-centered design that emphasizes user satisfaction with participatory design approaches (Sanders, 2002) to the concept of meta-design that creates sociotechnical environments involving end users (Fischer et al., 2004). The increasing interest in educating or assisting humans to be more creative in developing solutions of current social issues has accelerated the rising number of publications on this topic.
We continue to be in pursuit of developing an interconnected VR system with the ultimate aim of achieving a completely interconnected VR world (Bastug et al., 2017). The discussion on various applications of VR will continue to expand, and creative designs will prove beneficial.
3.2 Design-thinking classification
Most prior studies applied VR technology in multiple design-thinking stages. Ideation and prototyping are the key design-thinking stages that have been most explored, whereas empathizing and defining are the least explored stages (Figure 3).
[image: Figure 3]FIGURE 3 | Classification of publications based on 5 design-thinking stages.
Forty articles discussed VR as a prototyping tool in the design-thinking process. Prototyping has become an entry point of research in applying VR to enhance design thinking because prototyping in VR involves a spatial and interactive mechanism. Certain studies discussed the test stage after prototyping and treated prototyping and user testing as an iterative and completing process (O'Dwyer et al., 2007; Shih and Kuo, 2017).
Certain other studies highlighted the use of VR as an ideation tool in the early stage of design, and 33 articles covered the ideation stage of design thinking. Several studies reported that ideation in the early stage of design requires rapid prototyping with low fidelity. In this regard, the prototyping tools in VR are intuitive and easy to learn (Yoshida et al., 2000), which requires less time and money (Roupé et al., 2020), which demonstrates the usefulness of VR in the ideation stage. In addition, ideation can be conducted through a semantic network, and the research findings suggest an immersive semantic network that users can walk through to generate more ideas (Georgiev et al., 2017).
Among the design steps, empathizing and defining were relatively less discussed, and most review publications covered these aspects to discuss the entire design-thinking process; however, they did not attend to these two stages. In terms of design, the first notion involves the process of transforming ideas into real objects. In the case of using VR to enhance the design process, the most direct connection is “computer-aided design” (CAD), which considers VR as a prototyping tool. Therefore, the empathizing and defining stages of design have been understated, despite being essential aspects of design thinking. In principle, VR holds immense potential for enhancing empathy because it enables perspective-taking and embodiment (Ahn et al., 2016). In future, more research attention should be invested on empathizing and defining.
3.3 VR type
This review covered various types of VR according to the defined scope of VR. In total, 27 studies used immersive VR, i.e., the use of HMD or CAVE as the hardware. A majority of these studies used HMD (23), whereas a few used CAVE 3), and only one study explored both HMD and CAVE (Figure 4). Moreover, non-immersive VR hardware was used in certain reviewed articles, wherein the researchers used a virtual desktop environment such as Second Life to conduct experiments. Notably, ten publications did not clarify the exact equipment they used or were not classified because these studies were theoretical discussions rather than empirical studies.
[image: Figure 4]FIGURE 4 | Frequency distribution of immersive and non-immersive VR devices used in research (left) and change in quantity by year (right).
In addition, the various forms of hardware used in these studies were analyzed based on year. Since 2015, the number of non-immersive VR systems decreased following a moderate increase prior to that period, although the overall amount of research increased considerably. This finding indicates a significant rise in interest in immersive VR systems promoted by more affordable and easy-to-access HMD equipment. Thus, immersive VR systems will become mainstream with the continuous development of immersive headsets and devices.
3.4 Targeted participants
The publications targeted diverse groups of individuals with varied purposes for enhancing design-thinking skills. The target participants of all publications were analyzed to determine the group of users receiving the most attention.
As depicted in Figure 5, most studies (33%) did not focus on a specific group and aimed to enhance the creativity and design skills among general groups of individuals. The VR-assisted design methodology or technology proposed in these studies can be used by any individual intending to augment their own creative or design skills. A total of 16 articles (30%) aimed to enhance design skills from an educational aspect; they aimed to aid students in gaining design skills via more efficient learning modes. The students in such studies were involved in various fields, such as architecture (Sopher et al., 2019; Jenek et al., 2021), business (Olmos, 2006), and engineering (Chang, 2022). Thus, this is another form of targeting a generalized group of individuals.
[image: Figure 5]FIGURE 5 | Targeted design participants in the publications.
The remainder of classifications included targeted participants, wherein Architecture, Engineering & Construction (AEC) design forms the most discussed group. In addition, five studies discussed the use of VR to enhance design thinking in product design, and two studies focused on engineering design. Furthermore, three studies investigated fashion, automobile styling, and emergency departments.
According to this survey, the publications at the current stage tend to be generalized applications of design-thinking skills, with relatively more attention invested in users in the AEC and product design fields. A large portion of studies targeted students and demonstrated the increasing interest in design-skill education. Following the initial attempt to apply VR-assisted design-skill enhancement in AEC fields, future research can specialize and focus on other fields to augment design skills in all applicable industries.
3.5 Research field
We analyzed the research fields of the reviewed publications to determine their motivation. We counted the total frequency of each research area because one article can be associated with several fields. For all publications, the research areas sourced from the Scopus database are statistically represented in Figure 6.
[image: Figure 6]FIGURE 6 | Research fields of the publications.
As depicted in Figure 6, most publications are associated with computer science, i.e., approximately half of all reviewed articles are published in journals related to computer science. Most studies recognized VR technology as a part of computer science technology and discussed it as a computer system or CAD tool. Engineering forms the second-largest share among the reviewed publications. As numerous studies attempted to use VR for enhancing engineering design, these studies were published in the engineering design field. Consequently, nearly 70% of the publications pertained to the computer science or engineering fields.
The remaining articles were related to social science (14%), business (4%), arts and humanities (3%), psychology (3%), and other fields (4%), among which social science accounted for 50%. Although certain articles were published in technology fields, they covered social or psychology-related content. Thus, further research is required on aspects other than technology, e.g., business, arts, humanities, and society.
4 THEMATIC ANALYSIS
In this section, we discuss the potential of VR to enhance design-thinking skills using a thematic-analysis approach based on a creative enhancement structure (Thornhill-Miller and Dupont, 2016) (Table 2). Based on this discussion, we aim to determine how VR enhances design-thinking ability, its potential opportunities, and the related challenges. The overall information about the year of publication, themes, and publication fields are shown in Figure 7.
TABLE 2 | Themes and publications under each theme.
[image: Table 2][image: Figure 7]FIGURE 7 | Relations among publication years, themes, and publication fields.
4.1 Altering aspects of self and self-perception
VR technology has been long used to enhance creativity by altering the aspects related to self and self-perception, such as the use of avatars, which forms the core of this approach. The use of an avatar is an improvement over several other computer-mediated modes of communication because it enables both verbal and non-verbal communication, in addition to providing a completely new level of self-expression and intricate engagement. According to the “Proteus effect,” the features of the avatar strongly impact the behavior of an individual, regardless of their interaction with others; this implies a possibility of fundamental alterations in self-perception (Yee and Bailenson, 2007). In addition, “ghost engineering” claims that, by modifying our body perception and recognition, the cognitive function can be altered according to our desire (Narumi, 2021). More importantly, existing studies have recognized the critical role of altering an individual’s self and self-perceptions to enhance their skills.
To enhance a creative person, Thornhill-Miller and Dupont (2016) proposed several potentials such as role-playing techniques, creating empathy and imagination, and varying emotions and arousal based on findings from related research (Thornhill-Miller and Dupont, 2016). In ghost engineering, several approaches are employed to modify the virtual body. The “transformation” represents the experience of becoming someone or even something else, which is similar to generating empathy. The experience of manipulating multiple bodies is possible using VR technology. The “body multiplexing” impacts one’s balance of thoughts and communication. Moreover, in the case of a “merged body,” a single body is operated by several people (Narumi, 2021). Although the effects of these methods still require empirical tests, the potential to enhance design-thinking skills by altering self or self-perception has been theoretically established.
However, in our reviewed publications, only two articles focused on altering the aspects of self and self-perception (Skibina and Taratukhin, 2021; Chen et al., 2022). One publication discussed the augmentation of design skill from the perspective of empathy. This study intended to investigate the origins of consciousness and empathy to extend empathy methodologies in design thinking for assisting individuals in achieving global understanding. The research suggested the “empathy mirror” of VR-assisted individuals to understand the system from the inside (Skibina and Taratukhin, 2021). Empathy is crucial in design-thinking skills and human-centered design to avert empathy-related product failures (Dam and Siang, 2021). As established, VR is closely associated with empathy, embodiment, and perspective-taking (Ahn et al., 2016). Compared to other aspects, self-perception and empathy are the most neglected aspects to date.
Another study discussed VR, cognitive load, creative components, and performance. The findings suggested that VR can significantly affect professional cognition and motivation, which indicates the direct impact of VR on cognition (Chen et al., 2022). Existing studies have proven the direct impact of VR on one’s ability by altering cognition. For instance, creative avatars with creative professional appearances can improve creative performance (Buisine et al., 2016). Thus, more empirical studies are required on this aspect because the influence of VR on design-thinking skills remains unclear.
Furthermore, studies that altered the aspects of the self and self-perception are limited to empathy or cognition improvement. According to our previous discussion, several possible approaches can be employed to improve creativity by altering self-perception. For instance, further research is required to test “body multiplexing” or “merged body.” In the OriHime-D project, disabled people collaboratively shared an avatar robot to serve customers in a café. This approach can mitigate the physical limitations of a single person and create value along with a sense of fulfillment (Takeuchi et al., 2020). Consequently, we can expect an enhancement in collaboration by altering the aspects of self and self-perception using various methods.
In summary, relatively few studies discussed the modification of aspects related to self and self-perception, and they primarily focused on empathy and cognition. Thus, further research is required on the application of VR to enhance design research and empathy, considering research topics besides empathy, such as collaboration through “body multiplexing” or “merged body.”
4.2 Optimizing interactions and collaboration with others
Recently, VR has been suggested to enhance creativity by optimizing interactions and collaboration with others. In certain cases, co-creative design occurs online with virtual teams working together, wherein telecommuting and tele-collaboration are not rare occurrences. However, most methods of virtual collaboration are faceless and asynchronous, which creates a slew of inefficiencies and misconceptions along with an environment of less interpersonal and task-oriented participation (Schroeder et al., 2001). Thornhill-Miller and Dupont (2016) suggested that VR can provide benefits without the associated drawbacks because the sensation of immersion and synchronous co-presence with others provided by virtual worlds can significantly improve interpersonal and work engagements as well as creativity.
In the reviewed articles, nine studies primarily focused on enhancing creativity using VR by optimizing interactions and collaboration with others. These studies discussed two types of benefits. The most widely discussed benefit of VR is that it provides computer-mediated collaboration tools, which are broadly classified into computer-mediated communication (CMC) and collaborative virtual environment (CVE) technologies (Lee and Do, 2009). These publications reported that the VR system can be more time- and cost-effective because it entails shorter cycles between new proposals and feedback from end users (Roupé et al., 2020). As VR sketching or prototyping tools are more intuitive and require less effort (Gül, 2014), it strongly supports human–human interaction and HCI (Merrick et al., 2011). In teamwork scenarios, VR aids engagement and promotes motivation (Whewell et al., 2022; Skrupskaya et al., 2021) because of its advantages in sharing, interaction, and collaboration (Rive and Karmokar, 2016). In particular, VR displays immense potential in brainstorming and prioritization (Petrykowski et al., 2018). Compared with traditional 2D digital collaboration, VR positively impacts efficiency and engagement as a CVE.
As a CMC, VR can simultaneously support collaboration in creative design thinking. According to an empirical study conducted in international projects, VR can enhance digital skills and engagement and assist with cultural competence and global mindfulness (Whewell et al., 2022). Furthermore, contemporary designs require communication between multiple stakeholders. For instance, the meta-design framework encourages the involvement of more relevant groups such as end users. As such, VR systems have been proven to support creative and design processes shared between multiple stakeholders by facilitating understanding, participation, communication, knowledge sharing, and collaboration (Roupé et al., 2020).
Non-etheless, certain publications have reported the drawbacks of VR technology. In a 3D virtual-world setting, users developed fewer design ideas than in face-to-face (F2F) settings because of the limited use of gesturing (Kan and Gero, 2008). Additionally, this empirical study suggested that teams worked together longer in distant settings because the communication efficiency reduced when the participants could not directly interact with each other, as in the F2F setting. The findings suggested that the current CVE failed to support effective collaboration (Lee and Do, 2009). Owing to the limitations of technological development, virtual collaboration cannot be as efficient as F2F collaboration; however, it may be more efficient than other traditional online collaborations, and therefore, a hybrid method of interaction is required (Skrupskaya et al., 2021). In addition to the disadvantage of technological limitations, VR systems may negatively impact users’ cognitions, considering user familiarity (Gül, 2014), because the lack of experience in using VR may yield negative results (Jensen, 2017; Evans and Söderlund, 2021; Qian, 2021).
4.3 Optimizing environmental conditions and influences
The most prominent benefit of VR is that it provides complete control of the environment at a low cost (Thornhill-Miller and Dupont, 2016). By modifying the environment, several direct and indirect elements may impact creativity.
Thornhill-Miller and Dupont (2016) concluded that creativity could be influenced in four ways. First, the environmental elements were proven relevant to creativity, such as light, color, and plants (Dul and Ceylan, 2011). The researchers clarified that visual and audio elements (i.e., color and sound) may affect creativity. For example, yellow, orange, pink, red, or red violet are recognized as inspiring colors, and music as well as silence or the absence of noise positively affects creativity (Dul and Ceylan, 2011). Second, appearance metaphors, referring to problem solving, can contribute to creativity at the cognitive level (Slepian et al., 2010). Third, the broadened exposure and expanding experiences to multiple cultures can enhance creativity (Leung et al., 2008). Lastly, the inclusion of other elements, e.g., individuals tend to be more innovative when exposed to scenes with complex unexpected or unusual events (Ritter et al., 2012). Thus, VR offers an eminent opportunity to enhance the creative design process by modifying the environment.
Among the reviewed articles, 17 articles focused on the impact of the virtual environment on design-thinking skills as a major benefit of VR. The environment is provided directly by VR, and the surroundings can be visualized in a manner that varies completely from traditional 2D representations. Several publications have stated the potential of novel visualization in the virtual world. The ideation process can be visualized through a navigable semantic network expected to generate more creative ideas through exploration, unexpectedness, and reflection in the virtual world (Georgiev et al., 2017). Although exploration in VR is somewhat accidental (Buruk and Hamari, 2021), users’ communication with environments inspires designers to imagine a suitable atmosphere (Keller and Stappers, 2001). Moreover, the virtual environment exhibits a nature of interactions that facilitate the design of creative tasks to gain design-thinking skills (Siau et al., 2010). Consequently, VR can increase design productivity, creativity, and design exploration through idea generation (Cindioglu et al., 2022), as well as support design convergence (Sopher et al., 2019). When users are equipped with a technology that enables them to directly execute the design activities and modify a virtual prototype, they are more interested in the design tasks, more satisfied with the design process, and produce more creative results (Maurya et al., 2019). Specifically, enhancing creativity by optimizing environmental conditions and influences has been widely discussed in spatial and architectural design. Virtual simulation can promote the decision-making confidence of the top management and head physicians (Dosi et al., 2019), and dynamic design tools (VR) can assist in realizing more advanced design-related decisions (Jenek et al., 2021).
VR can also create virtual environments where users’ sensorial perception is enhanced. The spatial and 3D perceptions in VR enhance spatial imagination required for interior design (Zhu and Du, 2021) and landscape design (Tabrizian et al., 2017; Ren, 2021). The content and meaning of architectural expression have been expanded by VR technology (Ren, 2021). However, spatial design is not the only design field which benefited from visual perception enhancement through VR. In the VR space, the design prototype could be projected in its use situation. This assists the user test stage in design thinking to extract precise user impression (Yamada et al., 2017). Additionally, design convergence can be supported in immersive virtual environments (Sopher et al., 2019). The attractive, stimulating virtual experience motivates designers and boosts their creativity (Aydin and Aktaş, 2020). Another advantage of prototyping in VR is multisensory inputs. Shared music, sound effects, and visuals in virtual space are the typical inputs for design creativity (Rive and Karmokar, 2016). However, our reviewed literature covers few other sensorial perceptions. Only one study attempts to explore the five senses in VR to enhance design thinking. Designers can see the world differently, find hidden patterns, and connect seemingly unconnected phenomena in VR environments (Liu et al., 2021). Currently, the main VR application is visualizing the prototypes and interacting with them using tangible user interfaces (Chandrasekera and Yoon, 2015). Using multisensory inputs other than audio and visual elements in virtual world is worth exploring in future studies.
Design Studio is another form of VR implementation in the design process. As a traditional approach of gaining design skills, studies have described methods for using virtual worlds incorporating the use of prospective tools and workplaces (Vosinakis and Koutsabasis, 2013). Compared to physical means, a virtual design studio is an effective training tool that enables faster and real-time design actions to enhance “learning by doing” (Olmos, 2006). In this case, VR is a virtual design environment that is more convenient to use than a traditional design environment.
Nevertheless, technological inefficiencies inevitably limit the effects of the VR experience, and virtual worlds present technical as well as behavioral challenges (Siau et al., 2010). Thus, we should aim for a comprehensive improvement of VR technology, especially real-time rendering, functional structure, and interactions (Zhu and Du, 2021). For instance, the brick-collage style causes noise and disturbance (Olmos, 2006), and we should enhance rendering and other related technologies to achieve superior styles, while maintaining the speed and stability of the system. In addition, the research highlights the demand for more functions in the VR environment to enable designers to start without specific or certain design ideas (Abdelhameed, 2014).
Other disadvantages or unresolved issues cited in the reviewed articles include pedagogical design and communication problems. As educational content gradually adjusts with the rapid technological growth, virtual design environment tools must be further studied in the context of a university (Jenek et al., 2021). One study determined that a VR interface considerably increases logical, kinesthetic, and naturalist skills; however, it intrudes on verbal and intrapersonal skills (D'Souza et al., 2011). Thus, certain hybrid modeling methods have been proposed for collaboration between designers and engineers (Stark et al., 2010).
4.4 Facilitating guidance or gamification of the problem-solving process
Although VR can enhance design-thinking skills by facilitating the guidance or gamification of the problem-solving process, the application of VR technology to this aspect is underestimated. Thornhill-Miller and Dupont (2016) suggested that each step of the traditional problem-solving procedure can be transformed into a digital form and conducted in a virtual world, where resources and opportunities are provided to participants to more efficiently explore, modify, or evaluate their ideas.
In this review, 13 studies emphasized the enhancement of the design process. VR can augment all the steps of the design-thinking process with various methods, including the development of design concepts, examination of design concepts, enrichment of design environment, simulation of design scenarios, validation of design solutions, and improvement of design logic (Abhari et al., 2021). VR aids the entire process, focuses on a macroscopic view, and stimulates cognitive action and interaction (Lee et al., 2019). VR corresponds to the concept of experiential learning as it initiates with concrete experiences (Chang et al., 2020). Further, VR significantly affects the way of thinking and cognition in the design process, as reported in various articles. In addition to assisting designers with iterative and flexible thinking (Lee et al., 2019; Lee J. H. et al., 2021), VR instills a sense of accomplishment and confidence among the users (Chang et al., 2020). In addition, VR positively influences the cognitive and affective domains in the engineering design process (Chang, 2022). More importantly, VR can significantly improve the overall creative design process because it increases enjoyment, motivation, and self-efficacy, which promotes involvement in design (Chang et al., 2020). The design process using VR is attractive and stimulating (Aydin and Aktaş, 2020). As a result of the enhanced cognition and thinking ability coupled with a more enjoyable process, participants experienced joy using VR and generated a high number of ideas (Gräßler et al., 2017). The game-like immersive VR interface has been proven to offer further augmented opportunities in global AEC design (Abrishami et al., 2013) as well as in engineering design (Chang, 2022).
However, certain studies reported that the software can be “complicated” and “confusing.” Users scored extremely low on the pragmatic qualities of perspicuity, efficiency, and dependability (Aydin and Aktaş, 2020). In addition, VR is expected to be implemented with new interfaces and databases (Abrishami et al., 2013) because tangible user interfaces and physical object manipulation create more engagement among users (Fogli et al., 2017). Thus, VR offers immense potential in facilitating the guidance or gamification of the problem-solving process with more advanced interfaces and reliable systems.
4.5 Offering an arena for integration of other technologies of creativity enhancement
The fifth way that VR can enhance creativity is labeled “VR and converging technologies of enhancement” (Thornhill-Miller and Dupont, 2016), i.e., VR facilitates the integration of other technologies or approaches for learning and cognitive enhancement.
Among the reviewed publications, 13 studies focused on integrating other approaches or technologies. The most discussed technology is 3D modeling or simulation technology, which corresponds to the functionality of VR as a novel CAD tool. Accordingly, a modeling system has been developed based on interactive evolutionary computation (IEC), and its potential for use in creative design has been demonstrated (Nishino et al., 2001). In addition, a virtual structural environment system has been integrated into VR, which enables students to construct simple structural models (O'Dwyer et al., 2007). Another study discussed the validation of design workplaces based on an ergonomic approach (Caputo et al., 2017). VR simulation or modeling is one of the fundamental purposes of integrating approaches into technologies.
Moreover, several existing studies have proposed a new interface. Users prefer tangible interfaces (Chandrasekera and Yoon, 2015) in the virtual world because tangible interfaces are more immersive. The VR + TUI tool increased the motivation and appeal for generating concepts (Maurya et al., 2019). A certain study discussed multimodal interfaces (MMIs) comprising a synergistic combination of speech and pointing/grabbing gestures (Zimmerer et al., 2020). More recently, researchers in this field have attempted to stimulate all senses of human beings to enhance the design experience. Interactive media with multiple approaches to trigger the designers’ senses provide a clear advantage, especially in the case of triggering sensations such as touch, hearing, and smell (Liu et al., 2021). The novel interaction combined with multiple senses renders the design process more tangible and easier to imagine.
In this context, tracking technology is essential in VR environments. We reviewed several articles to discuss technologies applicable to VR. A framework has been developed for tracking custom-made physical items in a multiuser environment, which consists of three aspects: tracking hardware, software stack, and VR hardware (Fan and Pong, 2020). The existing research attempted to physically connect the path of the hand to its shape by being immediately realized as geometry (Schkolne et al., 2001). The development of tracking technology renders the VR experience more adaptive and reliable in real cases, which should be considered for further research in future.
The benefits of integrating new technologies constitute the primary motivation for future research. We can conclude from our reviewed articles that the VR modeling tool is easy-to-use for individuals with relatively less knowledge and experience in modeling (Nishino et al., 2001). This is because the natural and intuitive process of the physical design interfaces motivates specialists from other disciplines or even the general public to readily participate (Tabrizian et al., 2017), which enables users to act more naturally than in a traditional CAD system (Yoshida et al., 2000). Thus, users are not hindered by unfamiliar interfaces when collaborating with designers (Shih and Kuo, 2017), which assists designers to focus on generating innovative concepts and obtain fast validations without considering the feasibility of behavioral concepts (Maurya et al., 2019). Moreover, an extensive amount of data can be acquired because virtual simulation significantly reduces the cost of implementation (Caputo et al., 2017).
The relevant technological issues are also discussed in this section. A tool with more complex interaction elements is required (Maurya et al., 2019), and its reliability and flexibility should be improved with the integration of MMIs (Zimmerer et al., 2020) because it yields inferior user experience.
5 DISCUSSION: FUTURE RESEARCH DIRECTIONS IN VR AND DESIGN-THINKING SKILLS
VR has been used for cognitive enhancement for a variety of purposes, such as cognitive training and memory improvement (Manera et al., 2017; Kim et al., 2019). In this review, we identified the primary methods through which design-thinking skills are enhanced with the assistance of VR technologies. The enhancement methods cover the perspectives of the self, environment, process, collaboration, and technology integration (Thornhill-Miller and Dupont, 2016). VR technology has been widely applied as a CAD tool for 3D modeling, prototyping, or simulations for design review or idea testing. In addition, several publications have upheld VR as a novel computer or engineering technology. Design-thinking skills incorporate a wide range of concepts in multiple steps, and only a handful of research have studied certain design-thinking steps. Although numerous theoretical approaches have been developed to enhance design thinking, empirical studies should test more approaches or ideas. We identified aspects that have been thoroughly explored as well as underestimated by existing studies. Future research directions in VR and design-thinking skills are outlined in this section to increase the efficiency and usefulness of future VR systems toward design-thinking enhancement.
5.1 Research from art, humanities, and society perspectives
Further research is required from the perspectives of art, humanities, and sociology. Most articles were published by journals related to the fields of computer science and engineering. Although certain studies discussed the applicability of VR in fields of arts, humanities, and sociology, further research is required to deeply understand the prospect of VR in these fields.
Although few studies have mentioned the art aspects in design thinking skills, design thinking is considered to naturally build bridges between arts, sciences, and other subjects (Henriksen, 2017). In all the studies that we reviewed, only one articles mentions that VR has the potential to promote the development of design with the Ninth Art, in which the author discussed the exhibition art design in an indoor space (Zhu and Du, 2021). Moreover, design thinking is intwined with art thinking to promote innovation activities (Robbins, 2018). Therefore, future studies are expected to explore arts and art thinking in using VR to enhance design thinking skills, especially study how art thinking leads to highly revolutionary designs.
Pedagogical implication is a critical research direction under this topic, and several studies have focused on gaining design-thinking skills through educational methods and targeted students. Educational content is gradually adjusting with the rapid growth in technology (Jenek et al., 2021), and further research is required on developing learning content in the virtual world and gradually implementing virtual learning tools into the pedagogical design. Learning preference is another critical element with pedagogical implications. Existing research classified learners into kinesthetic learners and visual learners, assuming that kinesthetic learners prefer a tangible interface and vice versa. As such, the findings suggested that both kinesthetic and visual learners benefit from tangible interfaces (Chandrasekera and Yoon, 2015), and thus, this research direction should be further explored. In addition, virtual design environment tools must be studied from the perspective of a university (Jenek et al., 2021) because the dearth of educational experience is a fundamental problem that affects experimental results (Jensen, 2017; Evans and Söderlund, 2021; Qian, 2021), and unfamiliarity results in cognitive load (Chen et al., 2022).
In addition to pedagogical implications, the aspects of design or design thinking require a more rigorous intervention. In the reviewed articles, although the researchers stated the words “design thinking” or “design skills,” most studies implemented a narrow understanding that addresses design as the prototyping activity. Only a handful of studies have considered design skills as an entity and discussed all design-thinking processes (Gräßler et al., 2017; Aydin and Aktaş, 2020; Lin et al., 2020). Considering the design activity and methodology, empirical studies should focus on establishing the foundation of design instead of developing computer or engineering systems to complete this research field.
5.2 Research on cognition process in virtual design
Further clarification of the cognition process in the virtual world will help in developing a VR system that directly enhances design cognition. In this regard, a few articles among the reviewed publications discussed certain cognitive elements. For instance, VR applications significantly impacted extraneous and germane cognitive load but did not affect intrinsic cognitive load (Chen et al., 2022). Meanwhile, both VR applications and cognitive load can predict creativity components and creative performance (Chen et al., 2022). In addition, VR stimulates cognitive actions and interactions to help designers with iterative and flexible thinking (Lee et al., 2019); this can be explained by the aspects of cognitive action. The immersive VR design tool activates physical and perceptual actions in design cognition and enhances flexible cognitive action among various levels of cognitive actions (Lee J. H. et al., 2021).
Flow and motivation are additional cognitive factors that may occur in a virtual environment and significantly impact creativity. The motivation and flow states exhibit a strong positive correlation such that the immersive virtual design environment facilitates the creativity of the participants of the design process more than the non-immersive one (Obeid and Demirkan, 2020). Furthermore, VR can increase enjoyment, motivation, and self-efficacy, which promotes involvement in design (Chang et al., 2020).
In addition to enhancing cognition processes, VR can provide opportunities to learn design cognition better. VR has been discussed as a research tool to enhance design experiences along with the study of design cognition, from the aspects of its continuous and multifaceted record, objective evaluation, direct observation, and active engagement (Neroni et al., 2021). The data collected via VR design is applicable for studying design cognition for further cognition enhancement.
These studies relevant to cognition processes are in the initial stage, especially in terms of the effect of VR on altering cognition and enhancing the design-thinking process through variations in cognition. The underlying mechanisms should be explored in future. Importantly, these clarifications of the cognition process can stimulate further research on the alteration of aspects related to self and self-perception in the virtual world. Although this aspect forms a considerable approach for enhancing design through VR, it remains underestimated as per our previous discussion.
5.3 Research on emphasizing and defining stages in design-thinking process
This review revealed that the prototyping and test stages of the design-thinking stage have been predominantly discussed in existing research because it is the first activity considered in design. However, VR is closely associated with empathy, such that the potential of using VR to conduct design research has been underestimated.
Only two articles focused on empathizing and defining in our reviewed publications, and the researchers discussed enhancement through altering the aspects of self and self-perception (Skibina and Taratukhin, 2021) and the integration of other technologies (Liu et al., 2021). Besides prototyping, the crucial design-thinking stages of empathizing and defining have been subject to limited discussion. The underlying mechanism of empathy and self requires clarification. Overall, empathy encompasses five dimensions: affective, cognitive, somatic, emotional, and compassionate empathy; however, the kinds of empathy triggered by VR remain unclear (Hu and Georgiev, 2020).
Excluding perspective-taking and embodiment, the other empathy strategies have not yet been tested. As reported, ambivalent emotional reactions are caused by various perspective-taking strategies and the unclear effects of virtual avatar embodiment. However, we can utilize an ergonomic strategy based on replicating users’ surroundings, multisensory embodiment, and interaction data (Hu and Georgiev, 2020). Based on a deeper understanding of the empathy process, future research should cover all creative enhancement structures. Notably, VR empathy can trigger the correlation between empathy and virtual environment, multisensory technology, and collaboration.
5.4 Overcoming technological difficulties
All creative enhancement structures discussed in the previous section noted certain technological deficiencies. The incomplete maturity of current technology hinders VR from realizing its full potential in enhancing creativity.
Stability and reliability must be improved to ensure user experience. Current VR systems exhibit poor pragmatic qualities of perspicuity, efficiency, and dependability (Aydin and Aktaş, 2020). Thus, VR technology should pursue comprehensive improvement, especially in terms of real-time rendering, functional structure, and interactions (Zhu and Du, 2021). The CMC system in the virtual world is considerably worse than that in the F2F settings. The delay and misses of information in the virtual world reduced the efficiency of communication between participants working in remote teams (Lee and Do, 2009). Upon allocating task to students in a VR system, they still preferred to use traditional social networks as their communication tool (Bujdosó et al., 2017). Thus, considerable effort is required to overcome these technological difficulties and redesign the CMC system in the virtual world.
Novel HCI and multimodal experience are inevitable aspects of technological development for enhancing the virtual experience beyond real environments. In future, research should explore the application of new technologies to increase immersion and assist in creation. For instance, research has been conducted on integrating haptic interaction with natural materials (sandbox) into VR, although the delay and inaccurate tracking yields inferior user experience (Fröhlich et al., 2018). The LUCID design system implements MMI with haptic and auditory interactions to provide a more intuitive and natural design experience (Ye and Campbell, 2006). The MMI offers great potential but requires further improvement in terms of reliability and flexibility (Zimmerer et al., 2020). In future, research should consider new interaction methods to augment the users’ five senses.
The advancement of devices is also a promising direction for technological research under this topic. In our reviewed studies, on the one hand, almost all used wired VR devices driven by computers, such as HTC Vive (Roupé et al., 2020; Lee L. H. et al., 2021) and Oculus Rift (Tabrizian et al., 2017; Jenek et al., 2021), to ensure the performance and visual effects. Google Cardboard VR, on the other hand, was an economical choice in some studies (Whewell et al., 2022). One study used a standalone device Oculus Go but highlighted its limitations in operating time and weak performance (Skrupskaya et al., 2021). A few studies utilized MR technologies, such as Microsoft HoloLens, because its built-in cameras can detect hand motions and gaze, which are key activities in design (Cindioglu et al., 2022). Researchers are also attempting to expand audio–visual capabilities by integrating tangible user interactions or other devices (Yoshida et al., 2000; Schkolne et al., 2001; Tabrizian et al., 2017). Further research is needed in applying novel VR devices combined with interfaces for a natural experience.
We are approaching the “Metaverse,” wherein VR technology is essential. Considering the impact of Metaverse on social connection, it can potentially transform the future of design thinking (Robertson and Peters, 2021). In contrast to the more inclusive idea of cyberspace that represents the entire shared online space across all dimensions of representation, Metaverse refers to a completely immersive three-dimensional digital world (Dionisio et al., 2013). Using an avatar and AI technology, Metaverse has already achieved novel forms of team co-creation. For instance, Microsoft Teams has introduced avatars into the system; the avatars are animated based on voice data parsed by AI. Hand gestures and emojis have been implemented to render a more human-like experience (Warren, 2021). This technology works best with an immersive VR hardware, which is primarily used in desktop environment because this technology is not yet mainstream.
The future Metaverse will aid humans in exceeding the limits of their abilities and maximize creativity and collaboration in the design process. As data acquirement is much easier in a virtual world, a creative method of using data may augment its potential in design. For instance, by acquiring human data, a socially aware system can benefit users in reading the climate by visualizing interpersonal relationships or hidden emotions. Moreover, with environmental data, VR can be used as a data visualization tool in architecture (Bartosh and Anzalone, 2019). Concurrently, the avatar can authentically represent users as well as transcend users. Upon modifying the facial appearance of the users, collaborations may become smoother (Nakazato et al., 2014). However, the core technology, VR, and other related technologies, including AI, blockchain, computer vision, networks, edge computing, user interactivity, and robotics, requires further improvement (Lee L. H. et al., 2021).
5.4 Hybrid of virtual and real worlds
Shifting the entire design-thinking process into a virtual space is unrealistic, especially in the near future. Thus, we will experience a hybrid design method to bridge individuals both in online and offline environments to completely utilize the resources from both virtual and real worlds in the near future. In this case, a hybrid type of interaction is expected to act as the future research direction. The hybrid type of interaction is the most practical approach to study because it enables certain activities to be completed through conventional distant contact methods, which enriches and diversifies the learning process to consequently promote educational quality (Skrupskaya et al., 2021).
In certain cases, a collaboration between virtual-world users and real-world participants is required; however, they cannot share the same perspective despite being present in the same physical space. Thus, researchers are developing methods to share the experiences of such participants.
In other cases, VR is used in certain stages of design thinking (e.g., the test stage), because it is an effective communication tool for design reviews. However, fieldwork should be conducted in the real world (Yamada et al., 2017). The virtual and real worlds are combined in the design-thinking process. More studies will be required to the assess the stage that is suitable for VR and to further refine the process if the user has to switch between the virtual and real worlds.
6 CONCLUSION
This study reviewed relevant publications to understand the mechanisms through which VR technology enhances design-thinking skills as an educational tool and/or a design-thinking toolkit. By reviewing publications from a wide range of disciplines and applications, we aimed to understand the extent to which design-thinking skills have been enhanced in virtual environments and provide future research directions for researchers to strengthen VR as a skill-enhancement tool for design thinking.
This review covered all stages of design thinking, with ideating and prototyping being the most discussed. HMD-enabled immersive VR emerged as the most popular device across most studies that targeted either a generalized population of individuals to improve their creativity or users with specialized professions such as engineering and product design. Most studies were published in journals or conferences on computer or engineering sciences, which constitute approximately 70% of the reviewed publications. Thereafter, we analyzed all publications according to five themes based on the creative enhancement structure of VR. In principle, VR can enhance design thinking by altering the aspects related to self and self-perception by optimizing the interactions and collaboration with others, optimizing environmental conditions and influences, facilitating guidance of gamification of the problem-solving process, and offering an arena for the integration of other technologies of creativity enhancement. This review discussed the potential as well as the limiting challenges of VR technology.
As demonstrated in this review, further research is required on the following aspects to achieve a comprehensive improvement in this field and enhance the positive effects of VR: 1) art, humanities, and societal perspectives; 2) cognition process in VR; 3) emphasizing and defining stage in design-thinking process; 4) technology improvement combined with Metaverse; 5) hybrid of the virtual and real worlds.
This study has several limitations. First, as we discussed in the literature selection part, the terminologies used by researchers vary and some studies in this field may have been missed. The keyword choice may cause selection bias. Secondly, the interpretation of research findings is also affected by the selected model. We may not have been able to cover all the points concerning VR for design thinking. Thirdly, outdated information may be included in this study because of the fast development of VR technology. Some technological difficulties that we discussed may have already been tackled, and new difficulties may be emerging. Future studies should consider the changes caused by the up-to-date technologies. Because VR presents a unique setting for enhancing design-thinking skills, further explorations are expected in the aforementioned research directions.
AUTHOR CONTRIBUTIONS
QL, KW, HU, and AM contributed to the concept and design of the study. QL collected the literature, performed the review, and created the first draft of the manuscript. KW, HU, and AM contributed to manuscript revision, restructuring, and completing the insufficient parts. All authors contributed to the article and approved the submitted version.
FUNDING
This study was funded by the International Graduate Program of Innovation for Intelligent World of the University of Tokyo.
ACKNOWLEDGMENTS
The authors acknowledge the contributions of their colleagues from other fields who shared their knowledge about how VR can be used in various fields.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/frvir.2023.1137293/full#supplementary-material
REFERENCES
 Abdelhameed, W. A. (2014). “Creativity and VR use,” in Rethinking comprehensive design: Speculative counterculture-proceedings of the 19th international conference on computer-aided architectural design research in Asia (Kyoto, Japan: The Association for computer-aided architectural design research in Asia).
 Abhari, M., Abhari, K., Drinkwine, M., and Sloan, J. (2021). “Extended reality (XR) applications in architectural practice: Towards a development framework,” in HCI international 2021-late breaking papers: Multimodality, extended reality, and artificial intelligence: 23rd HCI international conference, HCII 2021 , Virtual Event, Springer.
 Abrishami, S., Goulding, J. S., Ganah, A., and Rahimian, F. P. (2013). “Exploiting modern opportunities in AEC industry: A paradigm of future opportunities,” in Aei 2013: Building solutions for architectural engineering - proceedings of the 2013 architectural engineering national conference (Pennsylvania, United States: American Society of Civil Engineers).
 Ahn, S. J., Bostick, J., Ogle, E., Nowak, K. L., McGillicuddy, K. T., and Bailenson, J. N. (2016). Experiencing nature: Embodying animals in immersive virtual environments increases inclusion of nature in self and involvement with nature. J. Comput.-Mediated Comm. 21 (6), 399–419. doi:10.1111/jcc4.12173
 Alexiou, A., Bouras, C., Giannaka, E., Kapoulas, V., Nani, M., and Tsiatsos, T. (2004). “Using VR technology to support e-learning: The 3D virtual radiopharmacy laboratory,” in 2004 24th international conference on distributed computing systems workshops (Tokyo, Japan: IEEE).
 Aydin, S., and Aktaş, B. (2020). Developing an integrated VR infrastructure in architectural design education. Front. Rob. AI 7, 495468. doi:10.3389/frobt.2020.495468
 Bartosh, A., and Anzalone, P. (2019). Experimental applications of virtual reality in design education. New York, United States: City University of New York (CUNY)
 Bastug, E., Bennis, M., Médard, M., and Debbah, M. (2017). Toward interconnected virtual reality: Opportunities, challenges, and enablers. IEEE Commun. Mag. 55 (6), 110–117. doi:10.1109/mcom.2017.1601089
 Bellalouna, F. (2019). “Virtual-reality-based approach for cognitive design-review and FMEA in the industrial and manufacturing engineering,” in 2019 10th IEEE international conference on cognitive infocommunications (CogInfoCom) (Naples, Italy: IEEE).
 Berg, L. P., and Vance, J. M. (2017). An industry case study: Investigating early design decision making in virtual reality. J. Comput. Inf. Sci. Eng. 17 (1), 011001. doi:10.1115/1.4034267
 Bhattacharjee, D., Paul, A., Kim, J. H., and Karthigaikumar, P. (2018). An immersive learning model using evolutionary learning. Comput. Electr. Eng. 65, 236–249. doi:10.1016/j.compeleceng.2017.08.023
 Braun, V., and Clarke, V. (2006). Using thematic analysis in psychology. Qual. Res. Psych. 3 (2), 77–101. doi:10.1191/1478088706qp063oa
 Brown, T., and Katz, B. (2011). Change by design. J. Product. Innov. Manage. 28 (3), 381–383. doi:10.1111/j.1540-5885.2011.00806.x
 Buisine, S., Guegan, J., Barré, J., Segonds, F., and Aoussat, A. (2016). Using avatars to tailor ideation process to innovation strategy. Cogn. Technol. Work 18 (3), 583–594. doi:10.1007/s10111-016-0378-y
 Bujdosó, G., Novac, O. C., and Szimkovics, T. (2017). “Developing cognitive processes for improving inventive thinking in system development using a collaborative virtual reality system,” in 2017 8th IEEE international conference on cognitive infocommunications (coginfocom) , (Debrecen, Hungary: IEEE). 
 Buruk, O. T., and Hamari, J. (2021). “Immersive video sketching: Low-fidelity extended reality prototyping for everyone,” in 2021 ACM international conference proceeding series , Tampere/Virtual Finland, Association for Computing Machinery.
 Caputo, F., Greco, A., D'Amato, E., Notaro, I., and Spada, S. (2017). “On the use of Virtual Reality for a human-centered workplace design,” in 46th Italian-Association-for-Stress-Analysis (AIAS) conference on stress analysis and mechanical engineering design (Pisa, Italy: Elsevier B.V.). 
 Chandrasekera, T., and Yoon, S. Y. (2015). “The effect of tangible user interfaces on cognitive load in the creative design process,” in Proceedings of the 2015 IEEE international symposium on mixed and augmented reality - media, art, social science, humanities and design, ISMAR-MASH'D 2015 (Fukuoka, Japan: IEEE Computer Society).
 Chang, Y. S., Chou, C. H., Chuang, M. J., Li, W. H., and Tsai, I. F. (2020). Effects of virtual reality on creative design performance and creative experiential learning. Interact. Learn Environ. 31, 1142–1157. doi:10.1080/10494820.2020.1821717
 Chang, Y. S. (2022). Influence of virtual reality on engineering design creativity. Educ. Stud. 48 (3), 341–357. doi:10.1080/03055698.2020.1754767
 Charlton, P., Koumpis, A., Kouroupetroglou, C., and Grenon, M. (2018). Wunderkammers: Powerful metaphors for ‘tangible’ experiential knowledge building. Multimodal Technol. Interact. 2, 34. doi:10.3390/mti2030034
 Chen, Y. C., Chang, Y. S., and Chuang, M. J. (2022). Virtual reality application influences cognitive load-mediated creativity components and creative performance in engineering design. J. Comput. Assist. Learn. 38 (1), 6–18. doi:10.1111/jcal.12588
 Cindioglu, H. C., Gursel Dino, I., and Surer, E. (2022). Proposing a novel mixed-reality framework for basic design and its hybrid evaluation using linkography and interviews. Int. J. Technol. Des. Educ. 32 (5), 2775–2800. doi:10.1007/s10798-021-09707-0
 D'Souza, N., Yoon, S. Y., and Islam, Z. (2011). Understanding design skills of the generation Y: An exploration through the VR-KiDS project. Des. Stud. 32 (2), 180–209. doi:10.1016/j.destud.2010.07.002
 Dam, R. F., and Siang, T. Y. (2021). What is empathy and why is it so important in design thinking?Available at: https://interaction-design.org/literature/article/design-thinking-getting-started-with-empathy (Accessed July 15, 2022). 
 Dehn, L. B., Kater, L., Piefke, M., Botsch, M., Driessen, M., and Beblo, T. (2018). Training in a comprehensive everyday-like virtual reality environment compared to computerized cognitive training for patients with depression. Comput. Hum. Behav. 79, 40–52. doi:10.1016/j.chb.2017.10.019
 Design Council. (2019). Framework for innovation: Design council's evolved double diamond. Available at:https://www.designcouncil.org.uk/our-work/skills-learning/tools-frameworks/framework-for-innovation-design-councils-evolved-double-diamond/[Accessed July 15, 2022] 
 Dionisio, J. D. N., Burns, W. G., and Gilbert, R. (2013). 3D virtual worlds and the metaverse: Current status and future possibilities. ACM Comput. Surv. (CSUR) 45 (3), 1–38. doi:10.1145/2480741.2480751
 Dosi, C., Iori, M., Kramer, A., and Vignoli, M. (2019). “Computational simulation as an organizational prototyping tool,” in Proceedings of the international conference on engineering design, ICED (Delft, Netherlands: Design Society).
 Dul, J., and Ceylan, C. (2011). Work environments for employee creativity. Ergonomics 54 (1), 12–20. doi:10.1080/00140139.2010.542833
 Dunne, D., and Martin, R. (2006). Design thinking and how it will change management education: An interview and discussion. Acad. Manage. Learn. Educ. 5 (4), 512–523. doi:10.5465/amle.2006.23473212
 Earle, A. G., and Leyva-de la Hiz, D. I. (2021). The wicked problem of teaching about wicked problems: Design thinking and emerging technologies in sustainability education. Manage. Learn. 52 (5), 581–603. doi:10.1177/1350507620974857
 Evans, P., and Söderlund, C. (2021). “Prototyping remotely together with 2d, 3d and immersive virtual reality design tools,” in DS 110: Proceedings of the 23rd International Conference on Engineering and Product Design Education (E&PDE 2021), VIA Design, VIA University in Herning,  (Denmark, 9th-10th September 2021).
 Fan, P. M., and Pong, T. C. (2020). “A framework for scalable tracking of physical objects to enhance immersive prototyping for design thinking,” in Symposium on spatial user interaction, virtual event . Association for Computing Machinery.
 Ferrara, M., and Russo, A. C. (2018). “Next smart design: Inclusion, emotions, interaction in the concept of baby soothing, caring and monitoring smart solutions,” in International conference on intelligent human systems integration (Dubai, United Arab Emirates: Springer).
 Fischer, G., Giaccardi, E., Ye, Y., Sutcliffe, A. G., and Mehandjiev, N. (2004). Meta-design: A manifesto for end-user development. Comm. ACM 47 (9), 33–37. doi:10.1145/1015864.1015884
 Fogli, D., Danesi, F., Malizia, A., Turchi, T., and Bell, D. (2017). “Sustaining cultures of participation by fostering computational thinking skills through game-play,” in CEUR workshop proceedings . 
 Foster, P. P. (2015). Role of physical and mental training in brain network configuration. Front. Aging Neurosci. 7, 117. doi:10.3389/fnagi.2015.00117
 Fröhlich, T., Alexandrovsky, D., Stabbert, T., Döring, T., and Malaka, R. (2018). “Vrbox: A virtual reality augmented sandbox for immersive playfulness, creativity and exploration,” in Proceedings of the 2018 annual symposium on computer-human interaction in play . Melbourne, Australia: Association for Computing Machinery.
 Georgiev, G. V., Yamada, K., Taura, T., Kostakos, V., Pouke, M., Yung, S. T., et al. (2017). “Augmenting creative design thinking using networks of concepts,” in Proceedings - IEEE virtual reality . (Los Angeles, California, United States: IEEE).
 Godin, J. J., and Pridmore, J. (2019). Using design thinking strategies and virtual reality in global virtual teams. Iss.Inf. Syst. 20(4), 104–106. 
 Gong, Z., Lee, L.-H., Soomro, S. A., Nanjappan, V., and Georgiev, G. V. (2022). A systematic review of virtual brainstorming from the perspective of creativity: Affordances, framework, and outlook. Digit. Creat. 33, 96–127. doi:10.1080/14626268.2022.2064879
 Gordon, V. S., and Bieman, J. M. (1995). Rapid prototyping: Lessons learned. IEEE Soft 12 (1), 85–95. doi:10.1109/52.363162
 Gräßler, I., Taplick, P., and Pottebaum, J. (2017). “Enhancing innovation processes by disruptive technologies,” in 1st annual science fiction prototyping conference 2017: Designing your future with science fiction, SciFi-it 2017 . 
 Gruber, M., De Leon, N., George, G., and Thompson, P. (2015). Managing by design. Acad. Manag. 58, 1–7. doi:10.5465/amj.2015.4001
 Gu, N., Gül, L. F., and Williams, A. (2010). “Methods for evaluating 3D virtual worlds in design education,” in DESIGN 2010 the 11th international design conference , (Dubrovnik, Croatia: Design Society). 
 Gül, L. F. (2014). The impact of digital design representations on synchronous collaborative behaviour. J. Inf. Technol. Constr. 19, 47–71. 
 Hanandeh, A. E. (2016). “Can experiential learning help students' learning and improve course satisfaction,” in 27th annual conference of the australasian association for engineering education (Sydney, Australia: Engineers Australia). 
 Henriksen, D. (2017). Creating STEAM with design thinking: Beyond STEM and arts integration. STEAM J. 3 (1), 11. 
 Hu, X., and Georgiev, G. (2020). “Opportunities with uncertainties: The outlook of virtual reality in the early stages of design,” in Proceedings of the sixth international conference on design creativity (ICDC 2020) (Oulu, Finland: Design Society).
 Huang, X., White, M., and Burry, M. (2018). “Design globally, immerse locally-a synthetic design approach by integrating agent based modelling with virtual reality,” in Learning, adapting and prototyping, proceedings of the 23rd international conference of the association for computer-aided architectural, design research in Asia . Hong Kong; The Association for Computer-Aided Architectural Design Research in Asia (CAADRIA).
 IBM (2018). Design thinking re-envisioned for the modern enterprise. Available at https://www.ibm.com/design/thinking/page/framework (Accessed July 15, 2022). 
 Jenek, W., Caldwell, G., Donovan, J., Garcia-Hansen, V., Adcock, M., Xi, M., et al. (2021). “Media architecture in architecture studio education capturing dynamics in the process: Exploring how architecture students design with virtual design environments tools,” in ACM international conference proceeding series, ACM Digital Library (DL) . 
 Jensen, C. G. (2017). Collaboration and dialogue in virtual reality. J. Probl. Based Learn. High. Educ. 5 (1). 
 Johansson-Sköldberg, U., Woodilla, J., and Çetinkaya, M. (2013). Design thinking: Past, present and possible futures. Creat. Innov. Manage 22 (2), 121–146. doi:10.1111/caim.12023
 Kan, J. W., and Gero, J. S. (2008). Do computer mediated tools affect team design creativity? CAADRIA 2008 [Proceedings of the 13th International Conference on Computer Aided Architectural Design Research in Asia] Chiang Mai (Thailand) 9-12 April 2008263–270.
 Kavanagh, S., Luxton-Reilly, A., Wuensche, B., and Plimmer, B. (2017). A systematic review of virtual reality in education. Themes Sci. Technol. Educ. 10 (2), 85–119. 
 Keller, I., and Stappers, P. J. (2001). Presence for design: Conveying atmosphere through video collages. Cyberpsychol. Behav. 4 (2), 215–223. doi:10.1089/109493101300117901
 Kim, O., Pang, Y., and Kim, J. H. (2019). The effectiveness of virtual reality for people with mild cognitive impairment or dementia: A meta-analysis. BMC Psychiatry 19 (1), 219. doi:10.1186/s12888-019-2180-x
 Kurokawa, T. (2013). Design thinking education at universities and graduate schools. Sci. Technol. Trends Q. Rev. 46, 50–63. 
 Lau, K. W., and Lee, P. Y. (2015). The use of virtual reality for creating unusual environmental stimulation to motivate students to explore creative ideas. Interact. Learn. Environ. 23 (1), 3–18. doi:10.1080/10494820.2012.745426
 Lee, J. H., Yang, E. K., and Sun, Z. Y. (2019). “Design cognitive actions stimulating creativity in the VR design environment,” in Proceedings of the 2019 on creativity and cognition , San Diego, United States: ACM.
 Lee, J. H., Yang, E., and Sun, Z. Y. (2021). Using an immersive virtual reality design tool to support cognitive action and creativity: Educational insights from fashion designers. Des. J. 24 (4), 503–524. doi:10.1080/14606925.2021.1912902
 Lee, L. H., Braud, T., Zhou, P., Wang, L., Xu, D., Lin, Z., et al. (2021). All one needs to know about metaverse: A complete survey on technological singularity, virtual ecosystem, and research agenda. arXiv preprint arXiv:2110.05352. 
 Lee, S., and Do, E. Y. L. (2009). “The effects of computing technology in creative design tasks: A case study of design collaboration,” in Proceedings of the 2009 ACM SIGCHI conference on creativity and cognition . Berkeley, California, United States: Association for Computing.
 Leung, A. K.-Y., Maddux, W. W., Galinsky, A. D., and Chiu, C.-Y. (2008). Multicultural experience enhances creativity: The when and how. Am. Psychol. 63 (3), 169–181. doi:10.1037/0003-066x.63.3.169
 Liedtka, J. (2011). “Learning to use design thinking tools for successful innovation,” in Strategy leadership (United States: Cengage Learning).
 Lin, H. C., Chang, Y. S., and Li, W. H. (2020). Effects of a virtual reality teaching application on engineering design creativity of boys and girls. Think. Ski. Creat. 37, 100705. doi:10.1016/j.tsc.2020.100705
 Liu, X., Nagai, Y., Yabuuchi, K., and Cui, X. (2021). “Use interactive media to enhance creativity of designers by stimulating the senses in the context of art design education,” in Proceedings of the design society (Gothenburg, Sweden: Cambridge University Press).
 Lubart, T. (2005). How can computers be partners in the creative process: Classification and commentary on the special issue. Int. J. Human-Comput. Stud. 63 (4-5), 365–369. doi:10.1016/j.ijhcs.2005.04.002
 Manera, V., Petit, P. D., Derreumaux, A., Orvieto, I., Romagnoli, M., Lyttle, G., et al. (2017). ‘Kitchen and cooking,’ a serious game for mild cognitive impairment and alzheimer’s disease: A pilot study. Front. Aging Neurosci. 9, 391.
 Maurya, S., Arai, K., Moriya, K., Arrighi, P. A., and Mougenot, C. (2019). A mixed reality tool for end-users’ participation in early creative design tasks. Int. J. Interact. Des. Manuf. 13 (1), 163–182. doi:10.1007/s12008-018-0499-z
 Merrick, K. E., Gu, N., and Wang, X. (2011). Case studies using multiuser virtual worlds as an innovative platform for collaborative design. Electron. J. Inf. Technol. Constr. 16, 165–188. 
 Moher, D., Liberati, A., Tetzlaff, J., and Altman, D. G. (2009). Preferred reporting items for systematic reviews and meta-analyses: The PRISMA statement. Ann. Intern. Med. 151 (4), 264–269. doi:10.7326/0003-4819-151-4-200908180-00135
 Mueller-Roterberg, C. (2018). Handbook of design thinking. Mülheim, Germany: Hochschule Ruhr West. 
 Mulligan, K., Calder, A., and Mulligan, H. (2018). Inclusive design in architectural practice: Experiential learning of disability in architectural education. Disabil. Health J. 11 (2), 237–242. doi:10.1016/j.dhjo.2017.08.009
 Nakazato, N., Yoshida, S., Sakurai, S., Narumi, T., Tanikawa, T., and Hirose, M. (2014). “Smart face: Enhancing creativity during video conferences using real-time facial deformation,” in Proceedings of the 17th ACM conference on Computer supported cooperative work & social computing (Portland, United States: Association for Computing Machinery). 
 Narumi, T. (2021). “Ghost engineering: Technologies for designing ourselves via embodied interaction,” in Proceedings of the 9th international conference on human-agent interaction (Virtual Event Japan: Association for Computing Machinery).
 Neroni, M. A., Oti, A., and Crilly, N. (2021). Virtual reality design-build-test games with physics simulation: Opportunities for researching design cognition. Int. J. Des. Creat. Innov. 9 (3), 139–173. doi:10.1080/21650349.2021.1929500
 Nishino, H., Takagi, H., Cho, S. B., and Utsumiya, K. (2001). “A 3D modeling system for creative design,” in International conference on information networking (Oita, Japan: IEEE). 
 O'Dwyer, D. W., Logan-Phelan, T. M., and O'Neill, E. A. (2007). The development of a web-based virtual environment for teaching qualitative analysis of structures. Eur. J. Eng. Educ. 32 (6), 695–709. doi:10.1080/03043790701520727
 Obeid, S., and Demirkan, H. (2020). “The influence of virtual reality on design process creativity in basic design studios,” in Interactive learning environments (Ankara, Turkey: İhsan Doğramac1 Bilkent University).
 Olmos, F. (2006). “A training model to develop design skills in the virtual design studio,” in WIT transactions on information and communication technologies (United States: WIT Press).
 Page, R. L. (2000). “Brief history of flight simulation,” in SimTecT 2000 proceedings (Sydney, Australia: Organising and Technical Committee). 
 Panke, S. (2019). Design thinking in education: Perspectives, opportunities and challenges. Open Educ. Stud. 1 (1), 281–306. doi:10.1515/edu-2019-0022
 Petrykowski, M., Berger, P., Hennig, P., and Meinel, C. (2018). “Digital collaboration with a whiteboard in virtual reality,” in Future technologies conference (FTC) (Vancouver, Canada: Springer).
 Pham, D. T., and Gault, R. S. (1998). A comparison of rapid prototyping technologies. Int. J. Mach. Tools Manuf. 38 (10-11), 1257–1287. doi:10.1016/s0890-6955(97)00137-5
 Plattner, H., Meinel, C., and Leifer, L. (2010). Design thinking: Understand–Improve–Apply. Berlin, Germany: Springer Science & Business Media. 
 Qian, D. (2021). “The construction strategy and application of virtual reality studio for art design specialty,” in 7th international conference on arts, design and contemporary education (ICADCE 2021) ( Virtual Event, Atlantis Press).
 Razzouk, R., and Shute, V. (2012). What is design thinking and why is it important?Rev. Educ. Res. 82 (3), 330–348. doi:10.3102/0034654312457429
 Ren, W. (2021). “Research on the method of landscape creation based on virtual reality,” in Journal of physics: Conference series . (United Kingdom: IOP Publishing).
 Rieuf, V., Bouchard, C., and Aoussat, A. (2015). Immersive moodboards, a comparative study of industrial design inspiration material. J. Des. Res. 13 (1), 78–106. doi:10.1504/jdr.2015.067233
 Rieuf, V., Bouchard, C., Meyrueis, V., and Omhover, J.-F. (2017). Emotional activity in early immersive design: Sketches and moodboards in virtual reality. Des. Stud. 48, 43–75. doi:10.1016/j.destud.2016.11.001
 Ritter, S. M., Damian, R. I., Simonton, D. K., van Baaren, R. B., Strick, M., Derks, J., et al. (2012). Diversifying experiences enhance cognitive flexibility. J. Exp. Soc. Psych. 48 (4), 961–964. doi:10.1016/j.jesp.2012.02.009
 Rive, P., and Karmokar, S. (2016). “Design thinking methods and creative technologies in virtual worlds,” in 11th European Conference on Innovation and Entrepreneurship (ECIE), JAMK Univ Appl Sci,  (Jyvaskyla, Finland, 2016, Sep 15-16). 
 Robbins, P. (2018). From design thinking to art thinking with an open innovation perspective—a case study of how art thinking rescued a cultural institution in dublin. J. Open Innov. Technol. Mark. Complex. 4 (4), 57. doi:10.3390/joitmc4040057
 Robertson, A., and Peters, J. (2021). What is the metaverse, and do I have to care?Available at: https://www.theverge.com/22701104/metaverse-explained-fortnite-roblox-facebook-horizon (Accessed July 15, 2022). 
 Roupé, M., Johansson, M., Maftei, L., Lundstedt, R., and Viklund-Tallgren, M. (2020). Virtual collaborative design environment: Supporting seamless integration of multitouch table and immersive VR. J. Constr. Eng. Manag. 146 (12). doi:10.1061/(asce)co.1943-7862.0001935
 Samson, S., Granath, K., and Alger, A. (2017). Journey mapping the user experience. Coll. Res. Lib. 78 (4), 459. doi:10.5860/crl.78.4.459
 Sanders, E. B.-N. (2002). “From user-centered to participatory design approaches,” in Design and the social sciences (Boca Raton, Florida, United States: CRC Press), 18–25.
 Schaper, M.-M., Santos, M., and Pares, N. (2018). Orchestrating experts’ assumptions and children’s values in the design of virtual heritage experiences. Int. J. Child-Comput. Interact. 17, 5–15. doi:10.1016/j.ijcci.2018.02.001
 Schkolne, S., Pruett, M., and Schröder, P. (2001). “Surface drawing: Creating organic 3D shapes with the hand and tangible tools,” in Conference on human factors in computing systems – proceedings (Washington, United States: Association for Computing Machinery). 
 Schroeder, R., Steed, A., Axelsson, A. S., Heldal, I., Abelin, Å., Wideström, J., et al. (2001). Collaborating in networked immersive spaces: As good as being there together?Comput. Graph. 25 (5), 781–788. doi:10.1016/s0097-8493(01)00120-0
 Seidel, V. P., Marion, T. J., and Fixson, S. K. (2020). Innovating how to learn design thinking, making, and innovation: Incorporating multiple modes in teaching the innovation process. Inf. Trans. Educ. 20 (2), 73–84. doi:10.1287/ited.2019.0220
 Shahrbanian, S., Ma, X., Aghaei, N., Korner-Bitensky, N., Moshiri, K., and Simmonds, M. J. (2012). Use of virtual reality (immersive vs. non immersive) for pain management in children and adults: A systematic review of evidence from randomized controlled trials. Eur. J. Exp. Biol. 2 (5), 1408–1422. 
 Shih, S. C., and Kuo, N. W. (2017). “Study on the communication process between the designer and the owner of a Web – based model simulation system,” in Proceedings of the 2017 IEEE international conference on applied system innovation: Applied system innovation for modern technology, ICASI 2017 (Sapporo, Japan: IEEE). 
 Siau, K., Nah, F. F. H., Mennecke, B. E., and Schiller, S. Z. (2010). Co-Creation and collaboration in a virtual world: A 3d visualization design project in second life. J. Database Manage. 21 (4), 1–13. doi:10.4018/jdm.2010100101
 Skibina, V., and Taratukhin, V. (2021). “Towards to extended empathy methods in design thinking,” in International conference for information systems and design (Cham: Springer), 323–335. 
 Skrupskaya, Y., Skibina, V., Taratukhin, V., and Kozlova, E. (2021). “The use of virtual reality to drive innovations. VRE-IP Experiment,” in Information systems and design. ICID 2021. Communications in computer and information science (Cham.: Springer), 336–345. 
 Slater, M., and Sanchez-Vives, M. V. (2016). Enhancing our lives with immersive virtual reality. Front. Rob. AI 3, 74. doi:10.3389/frobt.2016.00074
 Slepian, M. L., Weisbuch, M., Rutchick, A. M., Newman, L. S., and Ambady, N. (2010). Shedding light on insight: Priming bright ideas. J. Exp. Soc. Psych. 46 (4), 696–700. doi:10.1016/j.jesp.2010.03.009
 Sopher, H., Fisher Gewirtzman, D., and Kalay, Y. E. (2019). Going immersive in a community of learners? Assessment of design processes in a multi-setting architecture studio. Br. J. Educ. Technol. 50 (5), 2109–2128. doi:10.1111/bjet.12857
 Stark, R., Israel, J. H., and Wöhler, T. (2010). Towards hybrid modelling environments - merging desktop-CAD and virtual reality-technologies. CIRP Ann. – Manuf. Technol. 59 (1), 179–182. doi:10.1016/j.cirp.2010.03.102
 Sutherland, I. (1965). “The ultimate display,” in Proceedings of IFIP congress (New York, United States: Spartan Books). 
 Tabrizian, P., Harmon, B., Petrasova, A., Petras, V., Mitasova, H., and Meentemeyer, R. (2017). “Tangible immersion for ecological design,” in Disciplines and disruption - proceedings catalog of the 37th annual conference of the association for computer aided design in architecture, ACADIA 2017 (Cambridge, United states: Acadia Publishing Company).
 Takeuchi, K., Yamazaki, Y., and Yoshifuji, K. (2020). “Avatar work: Telework for disabled people unable to go outside by using avatar robots,” in Companion of the 2020 ACM/IEEE international conference on human-robot interaction (Cambridge, United Kingdom: Association for Computing Machinery). 
 Thornhill-Miller, B., and Dupont, J.-M. (2016). Virtual reality and the enhancement of creativity and innovation: Under recognized potential among converging technologies?J. Cogn. Educ. Psych. 15 (1), 102–121. doi:10.1891/1945-8959.15.1.102
 van Ginkel, S., Gulikers, J., Biemans, H., Noroozi, O., Roozen, M., Bos, T., et al. (2019). Fostering oral presentation competence through a virtual reality-based task for delivering feedback. Comput. Educ. 134, 78–97. doi:10.1016/j.compedu.2019.02.006
 Vosinakis, S., and Koutsabasis, P. (2013). Interaction design studio learning in virtual worlds. Virtual Real 17 (1), 59–75. doi:10.1007/s10055-013-0221-1
 Warren, T. (2021). Microsoft Teams enters the metaverse race with 3D avatars and immersive meetings. Available at: https://www.theverge.com/2021/11/2/22758974/microsoft-teams-metaverse-mesh-3d-avatars-meetings-features (Accessed July 15, 2022). 
 Washida, Y., and Yahata, A. (2020). “Predictive value of horizon scanning for future scenarios”, t. Foresigh (United Kingdom: Emerald Publishing Limited) 23 (1), 17–32.
 Whewell, E., Caldwell, H., Frydenberg, M., and Andone, D. (2022). Changemakers as digital makers: Connecting and co-creating. Educ. Inf. Technol. 27, 6691–6713. doi:10.1007/s10639-022-10892-1
 Yamada, K., Tsumaya, A., Taura, T., Shimada, K., Kaihara, T., Yokokohji, Y., et al. (2017). “An educational method for enhancing the ability to design innovative products,” in Proceedings of the international conference on engineering design, ICED (Vancouver, Canada: Design Society). 
 Ye, J., and Campbell, R. (2006). Supporting conceptual design with multiple VR based interfaces. Virtual Phys. Prototyp. 1 (3), 171–181. doi:10.1080/17452750601017129
 Yee, N., and Bailenson, J. (2007). The Proteus effect: The effect of transformed self-representation on behavior. Hum. Comm. Res. 33 (3), 271–290. doi:10.1111/j.1468-2958.2007.00299.x
 Yoshida, S., Miyazaki, S., Hoshino, T., Ozeki, T., Hasegawa, J., Yasuda, T., et al. (2000). “Spatial sketch system for car styling design,” in International archives of the photogrammetry, remote sensing and spatial information sciences - ISPRS archives (Amsterdam, Netherlands: Elsevier). 
 Zhu, Z., and Du, Y. (2021). “Research on interior design optimization based on virtual reality technology,” in Journal of physics: Conference series .
 Zimmerer, C., Wolf, E., Wolf, S., Fischbach, M., Lugrin, J. L., and Latoschik, M. E. (2020). “Finally on par?! Multimodal and unimodal interaction for open creative design tasks in virtual reality,” in Icmi 2020 - proceedings of the 2020 international conference on multimodal interaction ( Virtual Event, ACM).
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Lyu, Watanabe, Umemura and Murai. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/frvir-04-1137293-g005.gif





OPS/images/frvir-04-1137293-g006.gif





OPS/images/frvir-04-1137293-g003.gif
erd

I TITIL

Empais Dafnedeae Prtovpe Tt
Design thinking classificstion





OPS/images/frvir-04-1137293-g004.gif





OPS/images/frvir-04-1137293-t002.jpg
Thel

Self/Self-perception

Collaborations

Environmental elements

Problem-solving process

Integration of technologies

Publicati

Skibina and Taratukhin (2021), Chen et al. (2022)

Kan and Gero (2008), Lee and Do (2009), Merrick et al., 2011; Gl (2014), Rive and Karmokar (2016), Petrykowski et al. (2018),
Roupé et al. (2020), Skrupskaya et al. (2021), Whewell et al. (2022)

Georgiev et al. (2017), Siau et al. (2010), Dosi et al. (2019), Abdelhameed (2014), Sopher et al. (2019), Buruk and Hamari (2021),
Vosinakis and Koutsabasis (2013), Jenek et al. (2021), Gueet al. (2010), Maurya et al. (2019), Keller and Stappers (2001), Cindioglu
et al. (2022), Zhu and Du (2021), Stark et al., 2010; Olmos (2006), D’Souza et al. (2011), Charlton et al. (2018)

Abrishami et al. (2013), Fogli et al. (2017), Grifler et al. (2017), Yamada et al. (2017), Aydin and Aktas (2020), Chang et al. (2020),
Lin etal. (2020), Abhari et al. (2021), Earle and Leyva-de la Hiz (2021), Jee Hyun Lee et al. (2021), Jee Hyun Lee et al. (2021), Ren,
20215 Chang (2022)

Nishino et al. (2001), O'Dwyer et al. (2007), Chandrasekera and Yoon (2015), Maurya et al. (2019), Zimmerer et al. (2020), Fan and
Pong (2020), Caputo et al. (2017), Yoshida et al. (2000), Shih and Kuo (2017), Schkolne et al. (2001), Tabrizian et al. (2017), Liu
etal. (2021)

17

13

12





OPS/images/frvir-04-1137293-g007.gif





OPS/images/frvir-04-1137293-t001.jpg
Database sults.
Scopus TITLE-ABS-KEY (“design thinking” OR “design skills” OR “creative design”) AND TITLE-ABS-KEY (“virtual reality” OR “VR") | 161
Web of Science TS = (“design skills” OR “design thinking” OR “creative design™) AND TS = (“virtual reality” OR “VR") 55
ACM Library [Abstract: “design thinking”] OR [Abstract: “design skills”] OR [Abstract: “creative design”]] AND [[Abstract: “virtual reality”] OR | 7

[Abstract: “v”]





OPS/xhtml/nav.xhtml
Contents

		Cover

		Design-thinking skill enhancement in virtual reality: A literature study		1 Introduction		1.1 Definition

		1.2 Enhancing design-thinking skills

		1.3 Design skills and virtual reality

		1.4 Aims





		2 Methodology		2.1 Step 1: Systematic literature review

		2.2 Step 2: Thematic analysis

		2.3 Step 3: Identify future directions





		3 Overview of reviewed publications		3.1 Year of publication

		3.2 Design-thinking classification

		3.3 VR type

		3.4 Targeted participants

		3.5 Research field





		4 Thematic analysis		4.1 Altering aspects of self and self-perception

		4.2 Optimizing interactions and collaboration with others

		4.3 Optimizing environmental conditions and influences

		4.4 Facilitating guidance or gamification of the problem-solving process

		4.5 Offering an arena for integration of other technologies of creativity enhancement





		5 Discussion: Future research directions in VR and design-thinking skills		5.1 Research from art, humanities, and society perspectives

		5.2 Research on cognition process in virtual design

		5.3 Research on emphasizing and defining stages in design-thinking process

		5.4 Overcoming technological difficulties

		5.4 Hybrid of virtual and real worlds





		6 Conclusion

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Virtual Reality






OPS/images/frvir-04-1137293-g001.gif





OPS/images/frvir-04-1137293-g002.gif
Year of publications









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Virtual Reality





