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Abstract

Background  Globalization and digital advancement are transforming the fashion industry, posing new
challenges and opportunities for design teams. To remain competitive, collaboration is recognized as a
key strategy, requiring diverse stakeholders to share ideas and resources. Team mental models (TMMs)
are crucial for successful communication in collaborative efforts. However, research on TMMs in fashion
design remains limited. As virtual reality (VR) emerges as a prominent tool, understanding its cognitive
impact on design collaboration is essential for reshaping traditional work processes. This study explores
how a virtual reality environment (VRE) affects collective problem-solving in multidisciplinary fashion
design collaboration, focusing on TMM formation.

Methods This study investigated the early stages of fashion design collaboration using VREs. Verbal
and behavioral interactions were analyzed among five multidisciplinary design teams, each consisting of
three participants from different fashion disciplines. A mixed-method approach combined quantitative
analysis of shared mental model (SMM) alignment using Pearson correlation coefficients and qualitative
observation of team interactions, communication patterns, and problem-solving behaviors.

Results The findings highlighted VRE’s potential in enhancing SMM similarity, influencing team
communication and problem-solving in the initial design phase. High SMM score groups excelled in verbal
inputs and transitions, fostering effective communication by aligning with the theoretical dimensions of
task- and team-related knowledge, while low SMM score groups prioritize goal clarification and evaluation
during their interactions. In collaborative problem-solving, high SMM score groups exhibited increased
cognitive actions, aligning with fashion design’s creativity focus, while low SMM groups prioritized
establishing clear objectives and quality control.

Conclusions  This study emphasizes the significant role of VREs in supporting TMM formation,
thereby facilitating effective multidisciplinary fashion design collaboration. The findings provide valuable
guidance for fashion professionals and educational institutions to prioritize TMM development for
enhanced collaborative problem-solving when using VREs.
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1. Introduction

The fashion industry is currently undergoing significant transformations due to globalization
and digital advancement. These changes have introduced new challenges and opportunities
for design teams, particularly as they seek to integrate digital-mediated collaboration
processes and adapt to novel communication methods (Hodges et al., 2020). To stay
competitive, design firms increasingly recognize collaboration as a promising strategy
for design innovation and organizational efficiency (McDonnell, 2012; Wang et al., 2017).
Successful design collaboration requires efforts from diverse stakeholders, including
designers, manufacturers, retailers, and consumers, with their interaction involving the
sharing of ideas, resources, expertise, and responsibilities to drive innovation and optimize
team performance. A key component of such collaboration is the establishment of team
mental models (TMMs), which involve shared beliefs, knowledge, and assumptions among
team members. These models are crucial for effective communication, coordination, and
mutual understanding in collaborative settings, as emphasized in theoretical frameworks by
Klimoski and Mohammed (1994).

Meanwhile, advancements in digital technology have prompted fashion companies to adopt
digital-mediated collaboration tools, with virtual reality (VR) emerging as a transformative
technology that offers immersive and interactive environments for team interactions,
replacing traditional physical collaboration methods (Flavian et al., 2019). Virtual reality
environments (VREs) provide a unique platform to explore design collaborations, as their
potential to enhance information processing, communication, and creative problem-solving
capabilities intersects with the core principles of TMM frameworks. However, the theoretical
basis for utilizing TMMs in VRE-based design collaboration remains underdeveloped,
particularly in the fashion domain. This lack of understanding not only limits the effective
application of VREs in industry and education but also hampers efforts to optimize team
performance by leveraging these technologies.

Therefore, this study aimed to address this gap by comprehensively analyzing the cognitive
impacts of VREs on fashion design collaboration. The research employed an experimental
approach, focusing on operationalizing TMM constructs, including task-related and team-
related knowledge, through a combination of quantitative assessment of shared mental
model (SMM) alignment and qualitative observations of team dynamics. Specifically, the
study sought to identify the differentiated impacts of VREs on TMM formation during
multidisciplinary collective problem-solving processes involved in fashion design concept
generation. It examined the conditions under which VREs either facilitate or challenge
TMM formation and explored how TMM formation in VREs compares to that in traditional
collaborative settings. By addressing these questions, the study contributes to the theoretical
development of VRE-based design collaboration frameworks. The findings are intended to
provide valuable insights for enhancing the use of VREs in both industry and educational

contexts, fostering more effective, innovative and collaborative design practices.
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2. Background

2. 1. Fashion design collaboration
Design collaboration has strategically evolved, fostering design innovation and problem-
solving by engaging various stakeholders (Badke-Schaub et al., 2010). Normoyle and
Tegtmeyer (2020) emphasized the significance of collaboration in developing innovative
design concepts through diverse perspectives and social interactions. These interactions
facilitate the exchange of knowledge, experiences, and skills, making collaboration a
cornerstone of creative industries like fashion. In contemporary fashion, collaboration
increasingly aligns with advances in digital technologies. Tools such as CLO have
demonstrated how digital technologies enhance collaboration among stakeholders, enabling
interactive processes and streamlined communication (Lee, 2022). Similarly, virtual reality
(VR) technologies offer immersive environments where multidisciplinary design teams can
engage in real-time collaborative problem-solving (De Silva et al., 2019; Lee et al., 2021).
These technologies facilitate synchronous communication and interaction, which are critical
for fostering shared cognitive structures, such as TMMs, during design collaboration.
Design, as a cognitive process rooted in complex problem-solving (Schon, 1983), inherently
involves collaborative exploration and negotiation among team members (Badke-Schaub,
2000). This process not only addresses task-related challenges but also navigates team
dynamics, including coordination efforts, conflict resolution, and consensus-building.
Collaborative design requires balancing individual creativity with collective input, making it
a multifaceted activity that extends beyond technical tasks into interpersonal and strategic
realms (Cirella, 2021). In the fashion context, collaboration during the initial concept
development stage involves intertwining diverse information, visuals, and idea sketches to
produce innovative outcomes. This process is often accompanied by complex decision-making
under uncertainty, requiring effective teamwork and shared cognitive understanding (Tam
et al. 2008). Visual representations such as sketches, mood boards, and digital prototypes
play a pivotal role in externalizing individual mental models, facilitating communication,
and aligning team perspectives. These tools enable teams to collaboratively refine ideas and
ensure the creative objectives are understood and achieved collectively.
Improving team creativity, particularly in the context of addressing the appearance and
functionality of new fashion design products, remains a crucial yet challenging endeavor. It
requires not only individual innovation but also the ability to synthesize diverse perspectives
into a cohesive vision (Alexander and Contreras, 2016). Shared cognitive structures, such
as TMMs, are instrumental in this process, as they underpin effective communication,
coordination, and collective decision-making (Cikis and Ek, 2010).

2. 2. Team mental model
Team mental models (TMMs) are cognitive frameworks that shape team interaction,
information exchange, and decision-making processes, directly influencing the success
of design projects (Badke-Schaub et al., 2010). These models represent the collective
understanding of tasks, roles, and workflows, enabling a team to coordinate decisions
effectively and achieve their objectives (Cannon-Bowers et al., 1993).
A foundational element of TMMs is Shared Mental Models (SMM), which refers to the degree
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of alignment among individual team members’ cognitive structures. SMMs capture how well
team members share a common understanding of project goals, procedures, and contextual
factors (Cooke et al., 2000; Klimoski & Mohammed, 1994). High SMM alignment fosters a
solid foundation for effective communication, coordination, and decision-making, whereas
misalignment can result in misunderstanding and inefficiencies.

TMMs are typically categorized into two primary domains: task-related knowledge and
team-related knowledge (Cooke et al., 2000; Espinosa and Carley, 2001). Task-related
knowledge involves an understanding of task procedures, strategies, and environmental
constraints necessary for achieving project goals. Conversely, team-related knowledge
involves awareness of team members’ roles, expertise, and interpersonal dynamics, which
are essential for effective collaboration (Rouse et al., 1992). These domains collectively enable
teams to navigate complex problems, anticipate each other’s actions, and coordinate their
efforts effectively.

In collective design problem-solving, TMMs play a pivotal role in integrating diverse
perspectives and ensuring team members share a synchronized understanding of task
requirements and the capabilities (Cooke et al., 2000). This shared understanding minimizes
misunderstandings and enhances decision quality. Furthermore, as outlined by Cannon-
Bowers et al. (1993), TMMs support solution-finding by addressing tasks, equipment, team
composition, and interaction sub-models.

In design contexts, particularly multidisciplinary collaborations, TMMs expand to include
knowledge of processes, group competence, and contextual factors, such as team motivation
and expectations (Neumann et al., 2006). Addressing variations and gaps in TMMs is
crucial, as misalignments can significantly hinder team performance and decision-making
effectiveness (Stout et al., 1999). To evaluate TMMs in collaborative exploration, this study
employed both aggregated and holistic analysis approaches (Cooke et al., 2000; Stempfle
and Badke-Schaub, 2002). Aggregated analysis quantitatively measures SMM alignment,
providing precise metrics to assess cognitive similarity among team members. These metrics
provide a structured framework for investigating the subsequent development of TMMs.
Holistic analysis complements this by qualitatively examining the dynamic and relational
processes that drive TMM formation. Together, these approaches form a comprehensive
framework for evaluating both statistical cognitive alignment and dynamic interactions
essential to multidisciplinary design collaborations.

As collaborative efforts in fashion increasingly rely on digital environments, such as VREs,
understanding and developing TMMs becomes essential for addressing the unique challenges

of multidisciplinary design collaboration.

2. 3. Virtual reality-based collaboration
In design collaboration, VR offers realistic visualizations and immersive experiences that
empower designers to fully engage with their concepts in terms of spatial relationships and
design aesthetics, facilitating informed real-time decision making (Yang & Lee, 2020). As
the fashion industry transforms, VR technology reshapes design team dynamics. Immersive
design reviews using VR streamline iterative processes, leading to more efficient workflows,
saving time and resources in prototyping, and fostering creativity (Chang et al., 2022). A
standout feature of VR is its capacity to eliminate geographical barriers, enabling seamless

collaboration among multidisciplinary team members in shared virtual spaces. This
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facilitates real-time communication and collaborative problem-solving, contributing to a
more interconnected design process (Rosenman et al., 2007).

Despite challenges such as initial cost and workflow integration, the future of VR in design
collaboration holds immense promise. However, successfully integrating VR’s unique benefits
into design collaboration workflows requires considerations beyond technical challenges,
including software compatibility, team training, and establishing effective collaboration
protocols. Above all, the key to successful implementation is understanding the cognitive
impacts of VR on the design team and their performance (Ghanem, 2022). Identifying
potential challenges for designers utilizing VR technology and formulating strategies to
enhance their design processes are crucial for ensuring a seamless transition to VRE-based
collaboration. Therefore, focusing on investigating the cognitive impacts of VRE on team
mental models will provide valuable insights. This exploration sheds light on how VRE

influences team interactions, communication, and decision-making processes.

3. Methodology

This study aimed to investigate how VREs influence TMM formation in fashion design
collaboration. By focusing on early-stage concept generation, the research explored the
distinct characteristics of shared cognitive structures and collaborative problem-solving
dynamics within VRE-based design collaboration. The experimental design of this study
integrated the assessment of TMM constructs, such as task-related and team-related
knowledge, defined by Cannon-Bowers et al. (1993) and Cooke et al. (2000), into a structured
research framework. Task-related dimensions focused on evaluating participants’ shared
understanding of task-specific procedures, strategies, and constraints. This included
measurements of how teams aligned their goals, generated creative concepts, and refined
solutions collaboratively. Team-related dimensions addressed the dynamics of interpersonal
collaboration, analyzing participants’ awareness of roles, communication patterns, and
their ability to utilize individual expertise for achieving shared objectives. These elements
were evaluated through a dual analysis approach, such as aggregated analysis and holistic
analysis. Aggregated analysis involved a quantitative assessment of shared mental model
(SMM) alignment using a Likert-scale survey targeting task and team-related dimensions.
Holistic analysis involved qualitative observation of team interactions, verbal communication
patterns, and collaborative problem-solving behaviors. The combined approach ensured a
robust evaluation of how VREs influence TMMs in multidisciplinary collaboration settings,
capturing both static alignments and dynamic interaction.

To analyze the data, an aggregated approach quantified SMM alignment through Pearson
correlation coefficients, measuring the degree of cognitive overlap within task-related and
team-related domains. A holistic approach complemented this by categorizing qualitative
observations into key interaction dimensions, including task planning, information
management, evaluation, interpersonal coordination, and conflict resolutions, etc. Together,
these methods provided a comprehensive view of how VREs influence the formation and
effectiveness of TMM in multidisciplinary collaboration.
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3. 1. Experimental design
3. 1. 2. Experimental setup

The study involved two distinct collaborative environments. The first setting utilized a VRE-
based approach (E1) where participants collaborated through the immersive capabilities of
Meta’s Oculus Quest 2 and the Spatial app. This environment enabled real-time manipulation
of design elements and offered enhanced visualization of creative concepts. To ensure
familiarity with the tools, participants underwent a one-hour training session before
commencing tasks. The second setting used an online tele-meeting environment (OTE)-
based (E2) approach facilitated through the Zoom app, where participants engaged in
traditional remote collaboration without immersive features. The experiment’s procedures
included task-specific activities such as goal alignment, ideation, and solution evaluation, all
documented through surveys, video recordings, and observational coding. Figure 1 shows the
experimental scenes for each group.

Figure 1 Experimental scenes: (a) E1 - VRE-based experiment and (b) E2 - OTE-based experiment

3. 1. 2. Design tasks

Comparative experiments focused on the collaborative fashion design concept generation
through group brainstorming (Paulus et al., 2002). Both settings provided similar tasks
to ensure comparability, focusing on generating fashion concepts related to the COVID-19
pandemic, a topic selected for its relevance to participants’ expertise. Visual tools such as
sketches and mood boards, recognized in design cognition literature as key instruments
for externalizing mental models (Cikis and Ek, 2010), were used to capture participants’
ideas. Mood boards helped define the thematic direction by integrating various images and
colors. Participants were informed that the quality of the sketches would not be subject to
evaluation, ensuring a focus on conceptual creativity rather than technical execution.

3. 1. 3. Participants

Participants included fifteen graduate students specializing in planning, design, and
production majors. These students formed five multidisciplinary teams (Table 1), each
participating in both VRE and OTE settings. The inclusion of participants with diverse
expertise ensured a representative mix of disciplines critical to successful fashion
collaboration. In line with optimal team performance principles (Cross & Cross, 1995;
Stempfle & Badke-Schaub, 2002), each team had three participants with over five years of
professional experience. Table 2 summarizes the duration, procedures, design task topics,
and data collection methods for each experimental group.

124 Archives of Design Research 2025. 02. vol 38. no 1



Table 1 Participant demographics

Participant ID Team Major Year of Experience
1 Planning 5
2 G1 Design 3
3 Production 5
4 Planning/marketing 12
5 G2 Design 8
6 Design/Production 6
7 Planning 3
8 G3 Design/Production 5
9 Production 5
10 Planning 8
11 G4 Design 7
12 Production 5
13 Planning/Design 6
14 G5 Design 5
15 Design/Production 5

Table 2 Experiment procedure and methods

Experiment E1: VRE-based E2: OTE-based
Location VRE-equipped lab space (Spatial/Oculus Online collaboration space (Zoom)
Quest?2)
Participation Face-to-face participation Remote participation
Method using provided VR equipment using individual computers
Time 3 hours, including 1 hour of VR tool training 2 hours
Tool Training VR tool training None
1.Individual research on the given topic using 1. Individual research on the given topic using
Tasks an individual PC (30 minutes) individual PC (30 minutes)
2. Fashion design concept generation in VR 2. Fashion design concept generation conducted
collaboration space (1 hour) with team members on Zoom (1 hour)
Fashion concept during the COVID-19 Post-pandemic fashion concept
Design Topic pandemic period (Explained verbally before the  (Explained verbally on Zoom before the
experiment) experiment)
Experiment Fashion concept sketches derived through collaboration, video recording of the entire experiment
Output process
Interview Post-interview and questionnaire

Research tools

Lab PC, Oculus Quest 2 equipment

Individual PC, Zoom application

3. 2. Analysis frameworks

The analysis framework used both aggregated and holistic approaches to assess TMMs

in multidisciplinary fashion design collaboration. This combined method provides a

comprehensive evaluation of cognitive alignment, capturing both individual and team-level

perspectives, while directly applying concepts from TMM frameworks.

3. 2. 1. Aggregated approach
The aggregated approach quantitatively assesses SMMs by measuring the degree of

cognitive alignment among team members, providing critical insights into their shared team

perception and understanding during collaboration (Cannon-Bowers et al., 1993; Mathieu

et al., 2000). As a foundation for TMMs, SMMs reflect the similarity in team members’

cognitive representations, which is essential for coherent team dynamics (Cooke et al., 2000;

Klimoski & Mohammed, 1994).
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A 46-item Likert-scale survey was designed to evaluate SMM similarity across seven
dimensions, including cognitive alignment, communication efficacy, and collaborative
decision-making (Table 3). Adapted from Burkhardt’s (2009) evaluation model, the survey
incorporated both positively and negatively worded pairs of statements to reduce response
bias. The survey equally weighted 23 indicators, such as “Fluidity of Collaboration,”
“Sustaining Mutual Understanding,” and “Information Exchange for Problem-Solving,” to
ensure balanced assessment.

Pearson correlation coefficients were calculated to measure the pairwise similarity between
team members’ responses, with higher correlation values indicating stronger alignment in
cognitive perceptions (Cooke et al., 2000). By averaging pairwise correlation scores within
each team, the study derived cohesive SMM similarity scores, which reflect how well team
members align in understanding collaborative tasks.

This approach enabled the identification of SMM alignment patterns and misalignments,
offering insights into shared understanding essential for TMM formation. The findings
demonstrated how cognitive alignment influences critical collaborative tasks and enhances
understanding of SMMs in VRE-based multidisciplinary design collaboration (Cannon-
Bowers et al., 1993; Leyer et al., 2023).

Table 3 Dimensions and indicators of SMM in aggregated approach

Dimensions Definition Indicators

1. Fluidity of This assesses the seamless management of - Fluidity of verbal turns

Collaboration verbal communication (verbal turns), actions - Fluidity of tools use (stylet, menu)
(tool use), and attention orientation - Coherency of attention orientation

2. Sustaining Mutual ~ This assesses grounding processes - Mutual understanding of the state of

Understanding concerning the design artefact (problem, design problem/solutions

solutions), designers’ actions, and the state - Mutual understanding of actions in

of the VR disposal (e.g., activated functions) progress and next actions
- Mutual understanding of the state of the
system (active functions, open documents)

3. Information It assesses design ideas pooling, refinement - Generation of design ideas (problem,
Exchanges for of design ideas, and coherency of ideas solutions, past cases, constraints)
Problem Solving - Refinement of design ideas

- Coherency and follow-up of ideas

4. Argumentation and It assesses the presence of argumentation - Criticisms and argumentation

Reaching Consensus and decision-making on common consensus - Checking solutions’ adequacy with design
constraints
- Collective decision-making

5. Task and Time It assesses planning (e.g. task allocation) - Work planning

Management and time management - Task division, distribution and
management of tasks
- Interdependencies
- Time management

6. Cooperative It assesses the balance of contribution of - Symmetry of verbal contributions
Orientation actors in design, planning, and verbal and - Symmetry of use of graphical tools
graphical actions - Symmetry in task management
- Symmetry in design choices
7. Individual Task It assesses, for each contributor, motivation - Showing up motivation and encouraging
Orientation (marks of interest in collaboration), others’ motivation
implication (actions), and involvement - Constancy of effort put in the task
(attention orientation) - Attention orientation in relation to the
design task

3. 2. 2. Holistic approach
The holistic approach in this study provides a detailed framework for analyzing collective

problem-solving dynamics in multidisciplinary fashion design collaboration. By integrating
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verbal communication analysis, real-time team interaction behaviors, and a structured
categorization framework based on the KATKOMP categorization system (Stempfle and
Badke-Schaub, 2002), this method revealed the complex interplay between shared cognition
and problem-solving during fashion design concept generation. Complementing the
aggregated approach, it offered a process-oriented perspective, highlighting not only what
team members do but also how they interact to address design challenges, resolve conflicts,
and collectively achieve collaborative solutions (Stempfle & Badke-Schaub, 2002). To explore
these dynamics, teams were grouped based on their SMM scores (e.g., high-scoring groups
G2 and Gj5 vs. low-scoring groups G3 and G4) to analyze differences in communication
patterns and team interactions. Verbal communication, critical for constructing shared
mental models during design collaboration, was examined using the think-aloud method
(Cooke et al., 2000), focusing on how teams shared their thoughts, negotiated solutions,
and aligned on task. Real-time team interaction behaviors were also observed and coded
to further analyze process-oriented and relational aspects of collaborative problem-solving
during the collaboration. Observations focused on how team members coordinated their
actions, allocated tasks, and managed conflicts, with particular attention to relationship
dynamics, such as relationship management and emotional expressions. The study also
assessed how teams engaged with tools to facilitate effective problem-solving in their
multidisciplinary and collaborative design processes.

Using the KATKOMP categorization system (Stempfle & Badke-Schaub, 2002), team
dynamics were structured into four domains: content, process, interpersonal relations,
and environmental interaction. To highlight the unique context of fashion design problem-
solving, this study modified the task-related content domain to reflect the sequential
processes that define collaborative design work. This content domain focused on task-related
activities that are central to fashion design concept generation, including goal clarification,
idea generation, idea management, evaluation, decision-making, and implementation control.
The process domain focused on task planning, group coordination, conflict resolution, and
evaluation of group performance, while interpersonal relations examined relational dynamics
critical to creative collaboration, including conflict management, group organization, and
emotional expression. Environmental interaction domain analyzed engagement with tools
and interfaces relevant to collaborative tasks. Observational codes provided detailed insights
into team behaviors at each phase of the collaborative problem-solving process, as outlined
in Table 4.
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Table 4 Codes of categorizing system identifying team interactions

Scheme CODE Description Example
-G Goal clarification Define problem and set goals for fashion design concept
C-l Idea Proposal Propose ideas related to the given design theme or goal
C-IM Idea management -  Collect, question, and analyze information relevant to proposed
Analysis design concepts
-l Idea management - Specify proposed idea/solutions, apply information to the
Content Implementation proposed fashion concept
C-E Evaluation .Compare, agree or disagree, prioritize, and simulate proposed
ideas
c-D Decision Accgpt or re|ec.t proposed ideas, make decision/no decision
during the design process
c-C Control .Control the implementation of the final design idea and assess
its effects
p-p Planning Plan task allocation, manage task time, and organize task
sequence
Ask questions and provide answers concerning the group
P-A Analysis - Group process, request re-analysis of information and discuss the
Process allocated task
P-E Evaluation Compare, evaluate, and simulate proposed ideas
P-D Decision Accept or reject aspects of the group’s collaborative process
Control/ Check Summary or control group member’s work, check facts, and
P-C !
of effect assess effects of the design process
R-r  Management ofthe  Address conflicts of interest among team members, discuss
X X relationship interpersonal challenges, and manage group organization
Relationship - ; . . .
R-E Emotional Express reaction to exposure to emotional crises, incidents, and
Expression conflicts during communication
Environmental E-l Environmental Interaction with interfaces and tools relevant to the given
Interaction interaction collaboration environment
4, Result

4, 1. Comparative analysis of SMMs: Aggregated approach

The study employed the Pearson correlation coefficient as a similarity metric to calculate

SMM scores for each team member pair within all experimental groups from the aggregated

approach. Specifically, pairwise correlation values for survey responses across the 23

indicators were averaged to produce an overall SMM similarity score for each group. As

illustrated in Figure 2, the results show that participants in VRE-based fashion design

collaboration (E1) showed higher SMM similarity compared to those in OTE-based

collaboration (E2). This indicates that VRE facilitates greater alignment in team members’

cognitive perceptions, fostering a more cohesive understanding of the design tasks. In

contrast, the lower similarity scores in OTE-based collaboration suggest challenges in

achieving shared cognition.
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Regarding collaboration task performance, participants of E1 (VR-based) had higher

similarity (mean: 0.77, SD: 0.4) in SMM compared to E2 (OTE-based), with a mean SMM

score of 0.97 (SD: 0.2), as illustrated in Figure 3. The most notable difference in similarity

scores between the two experimental groups emerged in questions related to maintaining

consistency throughout idea generation activities, where E1’s participants exhibited the

highest SMM similarity. Minimal differences were observed in language exchange flexibility

and idea generation for design problem solving related to fashion concept development.
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Regarding collaboration time and workflow, E2 participants using OTE-based collaboration

(mean: 0.96, SD: 0.34) demonstrated higher SMM similarity to E1 (mean: 0.9, SD: 0.24)
using VRE. While E1 participants had the highest SMM similarity in interdependence
among team members in task processing, E2 participants demonstrated the highest SMM
in time management, as illustrated in Figure 4. This suggests that while VRE may excel in
maintaining consistency in idea generation, OTE-based collaboration showed strength in
managing the allocation of tasks and workflow efficiency.

SMM Similarity - Collaboration time and workflow
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Figure 4 is Comparison of SMM scores in collaboration time and workflow between E1 and E2

In terms of team member collaboration, the SMM of E2 averaged 0.77 (SD: 0.49)
demonstrating higher similarity than the SMM of E1, with a mean score of 1.07 (SD: 0.28),
as illustrated in Figure 5. The most significant difference emerged in questions about
experiences diverging from the development process of agreed-upon ideas among team
members, where E2 exhibited the highest SMM similarity. Conversely, E1 participants
showed the highest SMM similarity in questions about balanced participation in collective
design choices. This implies that VRE may facilitate more equitable involvement in decision-
making among team members.

These findings suggest that VRE-based design collaboration excels at fostering shared
understanding and consistency of idea generation among team members in the process of
fashion concept generation. On the other hand, OTE-based collaboration exhibits strengths
in managing workflow efficiency, handling task allocation, and navigating divergent ideas
during the design process. Consequently, it can be concluded that high-quality SMM in
VRE-based fashion design collaboration enables precise explanations and expectations for
collaborative design tasks, facilitating coordinated actions and responses to team member’s

requirements.
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Figure 5 Comparison of SMM scores in team member collaboration between E1 and E2

4. 2. Comparative analysis of team-based cognitive processes: a holistic
approach
Utilizing a holistic approach, the comparative analysis assessed in-depth communication
contributions, team dynamics, and collaborative problem-solving activities in collaborative
fashion design concept generation.

4. 2. 1. Overview of Coded Data

Key metrics in collaborative design sessions were compared, including session duration,
verbal inputs, and cognitive action segments in each group. Statistical analyses were
conducted to validate the observed differences and ensure reliability.

Firstly, the values presented for verbal output frequency were calculated by averaging the
total number of verbal inputs across all teams within each experimental group. Independent
samples t-tests were performed to compare the mean verbal output frequency and
cognitive action segments between the groups in each experimental condition. While no
significant differences were observed in the average total time spent during experiments, E1
demonstrated a statistically significant 29.38% increase in verbal output frequency (375.2,
SD = 42.7) compared to E2 (290, SD=38.2). Similarly, for collaborative cognitive action
segments, E1 exhibited a statistically significant 42.6% increase (129.2, SD = 13.6) compared
to E2 (90.6, SD = 10.4). These values are presented in Table 5, which provides an overall
coding of the collaborative sessions.
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Table 5 Overall coding results

E1: VRE-based E2: OTE-based
Group ID G1 G2 G3 G4 G5 Mean G1 G2 G3 G4 G5 Mean
oEtme o3er 2371 a9a6 2405 3033 (TN ouss 3135 2043 2903 2910 (%0
b 264 406 33 98 424 (D2 i60 450 305 289 246 PO
gsggr:::f 109 131 147 125 137 (SD1 191.2‘ g 67 8 105 107 8 (5093160‘ 8

4, 2. 2. Communication dynamics among high and low SMM score groups
To explore communication dynamics among high SMM score (G2, G5) and low SMM score
(G3, G4) groups, verbal input frequencies were compared using one-way ANOVA followed by
Tukey’s post-hoc tests (Abdi & Williams, 2010). In E1, high SMM score groups demonstrated
significantly higher verbal input frequencies (406 and 424, respectively) compared to low
SMM score groups (384 and 398, respectively). Post-hoc analysis revealed that G2 and G5
significantly differed from G3 (p = 0.004) and G4 (p=0.003), highlighting higher verbal
contributions by high SMM groups in VRE-based environments. Conversely, the comparison
between G3 and G4 showed no significant differences (p = 0.467), suggesting similar verbal
input patterns among low SMM score groups.
In contrast, in E2, high SMM score groups showed no statistically significant differences in
verbal input frequencies compared to low SMM score groups. Tukey’s test confirmed that the
verbal inputs of G2 and G5 did not significantly differ from those of G3 and G4 (p<0.05 for
all pairwise comparisons).
The analysis of verbal transition aspects, evaluated using Chi-square tests of independence,
highlighted significant patterns in E1’s active interactions. High SMM score groups
demonstrated a greater frequency of verbal transitions across team members, particularly
between P2 (marketers) and P3 (manufacturers), compared to E2, where interactions were
predominantly limited to P1 (designers) and P2, as detailed in Table 6. This indicates that
high SMM groups utilized more diverse communication pathways, engaging multiple team
members across roles, which likely contributed to enhanced collaborative efficiency. In
contrast, in E2, the Chi-square analysis indicated a more constrained interaction pattern
primarily involving P1 (designers) and P2 (marketers). This suggests that lower verbal
transition diversity in E2 may have hindered the effectiveness of communication among team
members.
Figure 6 shows differentiated patterns of verbal transition between high and low SMM score

group members.

Table 6 Comparison of verbal transition among team members

E1: VRE-based E2: OTE-based
Group G1 G2 G3 G4 G5 Mean G1 G2 G3 G4 G5 Mean
P1-)P1 46 52 55 63 19 47 11 37 54 51 28 36.2
P1-)P2 44 79 37 73 58 56 33 85 61 34 44 51.4
P1-)P3 52 61 79 61 55 61.4 6 41 29 58 30 32.8
P2-)P1 36 77 42 66 60 56.2 28 83 60 27 45 48.6
P2-)P2 6 8 19 8 27 13.6 23 281 14 15 17 19.4
P2-)P3 16 39 28 29 56 33.6 17 64 26 16 18 28.2
P3-)P1 49 63 74 67 54 61.4 1" 43 30 64 28 35.2
P3-)P2 19 27 33 22 57 31.6 13 62 24 9 20 25.6
P3-)P3 7 9 16 8 57 15.4 17 6 6 14 15 1.6
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Figure 6 Comparison of verbal transition between high and low SMM score
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4, 2. 3. Collaborative problem-solving process
A two-way ANOVA was conducted to analyze the interaction effects of SMM scores (high and
low) and experimental conditions (E1 and E2) on cognitive action frequencies. Significant
main effects were found for both SMM scores and experimental conditions, with a notable
interaction effect.
In E1, high SMM score groups (G2, G5) exhibited significantly higher frequencies of CIM
(Content-Information Management) actions (Mean = 19.5, SD = 1.8) compared to low SMM
score groups (Mean = 6.0, SD = 1.2), consistent with Table 7 values (G2: 19, G5: 18). CIM
actions, involving organizing and synthesizing design ideas, connecting relevant information,
and integrating diverse perspectives, are critical in generating coherent fashion design
concepts (Hu & Liu, 2017). These results suggest VREs effectively support teams in managing
complex and iterative creative processes for high SMM groups. In E2, while CIM scores
remained higher for high SMM groups (G2: 10, G5: 9), the difference was less pronounced
compared to E1.
Similarly, high SMM groups in E1 exhibited increased CE (Content-Evaluation) actions
(Mean = 18.5, SD = 2.0) compared to low SMM groups (Mean = 14.0, SD = 1.6). This indicates
that VREs enable cognitively aligned teams to engage in deeper critical evaluation and
improvement of their concepts, leading to more refined design outcomes.
In E2, high SMM score groups showed significantly higher frequencies of CG (Goal
clarification) actions (Mean = 18.0, SD = 2.5) and PIM (Process-Information Management)
actions (Mean = 20.5, SD = 3.0) compared to low SMM score groups. Conversely, low SMM
score groups (G3, G4) did not exhibit significant increase in CG actions when transitioning to
VREs compared to E2. These findings highlight the enhanced cognitive engagement of high
SMM groups in goal clarification and planning processes within VREs, allowing for better
cognitive alignment, strategizing, and coordination.
In the relationship categories, high SMM groups in E1 demonstrated significantly higher
RM (Relationship Management) actions (Mean = 9.0, SD = 1.1) and RE (Relation-Emotional
Expression) actions (Mean = 6.5, SD = 1.2) compared to low SMM groups (RM: Mean =
3.0, SD = 0.9; RE: M = 4.0, SD = 0.8). This suggests that high SMM groups demonstrated
stronger abilities in managing and emotionally expressing relationships during collaborative
tasks.
For EI (Environmental Interaction), high SMM groups in E1 exhibited significantly higher
frequencies of EI actions (Mean = 12.0, SD = 1.5) compared to low SMM groups (Mean
= 6.5, SD = 1.2), indicating greater proficiency in utilizing VREs for collaborative design
tasks. In contrast, E2 revealed no significant differences in EI actions between high and low
SMM groups, indicating that immersive environments uniquely enhance environmental
engagement.
Overall, the findings emphasize the critical role of cognitive alignment in optimizing team
dynamics and collaborative problem-solving, particularly within VRE-based design settings.
Figures 7 and 8 provide a comparative visualization of the cognitive flows exhibited by high

and low SMM score groups during collective problem-solving in VREs.
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Table 7 Overall coding results
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Figure 7 Cognitive transition flow of the high SMM score group using VREs
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Figure 8 Cognitive transition flow of the low SMM score group using VREs

4, 3. Participant’s perceptions

To gain deeper insights into participants’ experiences during VRE-based fashion design
collaboration, we conducted interviews with two groups.

Participants in high SMM score groups (G2, G5) exhibited highly effective collaboration
by utilizing the immersive features of VREs. G2 highlighted using tools such as real-time
style sketching and fabric texture visualization, enabling them to rapidly iterate on garment
designs, explore color and material combinations, and evaluate how design structures and
elements interacted visually in three dimensions. This capability simplified the process of
identifying and addressing design challenges collaboratively. Participants described that the
virtual environment allowed them to test garment proportions, adjust silhouette details, and
integrate accessories seamlessly, enhancing the iterative process. G5 participants emphasized
that VREs facilitated interactive decision-making processes akin to working in a virtual
studio, providing immediate and visually enriched feedback. They particularly valued the
platform’s ability to dynamically adjust design features based on team input and visualize
alternative concepts in real time. One participant remarked, “Seeing our sketches come to
life together in 3D made our decision-making process faster and more informed. Another
participant highlighted that the VRE broke down geographical barriers, describing it as
an effective collaborative platform for streamlining design communication and promoting
creative synergy.

Conversely, participants in the low SMM score groups (G3, G4) expressed concerns about
the challenges of integrating VRE tools into their workflow. G3 reported difficulties adapting
to the VR platform, particularly for team members with limited prior experience with 3D
design tools. This lack of familiarity slowed their ability to contribute equally, creating a
noticeable gap in productivity. A participant in G3 stated, “As someone without enough 3D
design experience, I often felt like I was lagging behind the designers, which hindered our

collaboration.” They pointed out that while the platform’s potential was evident, the steep
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learning curve for non-designers created a gap in productivity within multidisciplinary
teams. Some participants in G4 echoed frustration with syncing updates across team
members and stated that these delays disrupted the creative flow. Additionally, they
highlighted difficulties using advanced features, such as integrating reference images from
external software or platforms, which further complicated their workflow.

In summary, the interviews underscore that participants’ actions in VRE-based collaboration
were influenced by their team mental models. High SMM groups effectively utilized VREs’
interactive tools, such as real-time sketching, material visualization, and collaborative
editing, to tailor their workflow to fashion design concept generation, enhancing their
productivity and innovation. Conversely, low SMM groups encountered barriers related to
tool adoption and workflow integration, particularly among non-designers, which highlighted
the need for comprehensive training and improved user support. These findings underscore
the critical role of aligning team members’ technological proficiency and shared team mental
models to optimize collaboration and achieve successful outcomes in multidisciplinary VRE-

based fashion design collaboration.

5. Discussion

5. 1. Insights into team mental models in VRE-based fashion design
collaboration
The research findings provide crucial insights into VRE-based fashion design collaboration
and its impact on TMMS, especially when compared to commonly used OTEs for remote
collaboration. The findings suggest that VREs enhance SMM similarity among individual
participants, influencing TMMs, including task performance, work efficiency, and team
member interaction, especially in early fashion design collaboration. Leveraging VREs
improves cognitive effectiveness in fashion design collaboration, emphasizing TMMs’ pivotal
role in team coordination and creative problem-solving.
Specifically, this study explored how differences in SMM scores influence communication
dynamics, design problem-solving, and participant perceptions during the collaborative
design process. Our findings indicate that groups with high SMM scores excel at generating
and evaluating innovative design concepts. These groups demonstrate active verbal
engagement and effective use of VREs to enhance collaboration. In problem-solving tasks,
high SMM score groups engage in more cognitive actions related to information management
and critical evaluation, which aligns well with fashion design’s creativity demands. This
suggests that their stronger coordination and decision-making capabilities contribute to
more cohesive and innovative design outcomes (Cannon-Bowers et al., 1993; Cooke et al.,
2000). Conversely, groups with low SMM scores tend to focus more on goal clarification
and evaluation, placing significant emphasis on defining clear objectives and maintaining
rigorous quality control. However, these groups struggle with aligning their mental models,
which leads to less dynamic and less cohesive ideation during the concept generation phase.
Participant perceptions vary, with high SMM groups expressing enthusiasm for VRE-based
collaboration, while low SMM score groups raise concerns about the learning curve and

challenges in adapting to the new working environment for design collaboration, emphasizing

www.aodr.org 137



the need for adequate training and support to ensure a smooth transition and minimize
disruptions. These findings highlight the importance of fostering high SMM alignment in
collaborative fashion design processes using VREs. Enhancing SMM among participants can
optimize communication, problem-solving, and ultimately, the creative exploration of design
concepts in virtual environments.

In summary, the study underscores the relevance of TMMs in VRE-based fashion design
collaboration, influencing communication, creative problem-solving, and user experiences.
These dynamics significantly impact the quality and innovation in fashion design processes,
guiding fashion companies and educational institutions to optimize design collaboration and

educational methods using advanced digital environments, such as VREs.

5. 2. Implementation of the research findings
In the dynamically evolving landscape of the fashion industry and educational environments,
our findings emphasize the pivotal role of TMMs in facilitating multidisciplinary design
collaboration utilizing VREs. These insights, crucial for collaborative exploration in the
early concept generation of fashion design, illuminate the intricate interplay of team
communication and cognitive action for effective problem-solving, thereby enhancing our
understanding of VRE-based collaborative design processes. To translate these findings into
practical applications, we recommend that designers and practitioners focus on improving
team communication by implementing structured tool training sessions and regular feedback
mechanisms. These measures will help minimize the learning curve associated with VREs,
thereby enhancing collaborative performance and design outcomes.
Our findings on the role of TMMs focused on specialized approaches in the context of
the fashion design process but are also applicable to other design disciplines that require
multidisciplinary collaboration, such as architecture and industrial design. In architecture,
for example, collaboration often involves a multidisciplinary team, including architects,
engineers, and urban planners. Similar to fashion design, these teams must develop shared
understanding throughout the design process. The TMM framework we utilized in our
study can be directly applied to these collaborative efforts, aiding in the alignment of team
members’ mental models. Similarly, in industrial design, the integration of diverse expertise
in product development can benefit from the enhanced communication and coordination that
TMDMs support. By focusing on how VREs can facilitate the development of TMMs, our study
provides insights that are applicable to other fields, helping teams navigate the complexities
of collaborative design projects.
In fashion design education, our insights suggest that priority should be given to developing
TMMs within collaborative teams to ensure that training in the use of VREs functions as
a critical skill for collaborative problem-solving. This approach involves fostering a shared
understanding among team members, improving communication strategies, and enhancing
cognitive problem-solving skills, thereby aligning digital design education programs with the
demands of the digital-driven fashion industry by integrating user-centered practices with
VREs.
To bridge the gap between academia and industry, we propose the development of
educational models that incorporate VRE-based design collaboration as a core component
of the curriculum, including creative brainstorming, design evaluation, and seamless

communication. This can equip students with adaptive skills and cognitive readiness for

138 Archives of Design Research 2025. 02. vol 38. no 1



future digital fashion challenges, ensuring that they are prepared to navigate the complexities
of future digital design implementation, making them valuable to both academia and
industry. Furthermore, the adoption of TMMs-focused training modules in both academic
settings and professional development programs could enhance team collaboration and
innovation in real-world fashion design projects. By providing such examples, we hope
to demonstrate the broader applicability of our research, encouraging the adoption and

advancement of educational practices and industry standards in digital fashion design.

6. Limitation and Conclusion

As the fashion industry undergoes a digital transformation, integrating Virtual Reality
Environments into design practice and education emerges as a strategic imperative. Our
research prioritizes understanding the cognitive aspects of VREs, aiming to enhance
collaborative problem-solving skills for both designers and students throughout their
utilization of VREs.

However, it is crucial to acknowledge the limitations of our study. The research focused
specifically on the cognitive influences of the VRE-based fashion design collaboration
process. While our findings provide foundational insights, further exploration is needed.
Future investigations should explore more empirical descriptions of design collaboration
among team members, with case studies serving to enrich our understanding of the practical
implications of VREs. Additionally, the generalizability of our findings may be constrained
by the specific context of design collaboration and the demographics of the participants
involved. A potential bias to consider is the additional one-hour training session provided to
the VRE sessions to ensure participants were comfortable using the tools. While necessary,
this training may have inadvertently offered additional time for team bonding and task
familiarization, potentially influencing SMM similarity. To mitigate this, we controlled the
total task duration in the VRE settings to ensure that the interaction time was consistent
across experimental conditions.

Although our study provides valuable insights, it is important to note that these findings were
derived from a lab-based experimental setting. To fully understand the long-term impacts
and scalability of VREs across various design contexts, additional research is required. This
acknowledgement sets the stage for ongoing exploration and refinement of our understanding
of the multifaceted role that VREs play in shaping the future landscape of fashion design
collaboration.
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