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Highlights

Please indicate how your work links to systems science via your contributions to systems
practice, theory, and/or methodology.

• This study extends embodied cognition theory to design education by conceptualizing
design platforms as systems with different levels of embodiment, in which bodily
interaction and spatial context jointly shape creative activities.

• Methodologically, the study combines Consensual Assessment Technique (CAT) with
Lag Sequential Analysis (LSA) to examine creative outcomes and design behavioral
patterns across desktop, Mixed Reality (MR), and Virtual Reality (VR) platforms with
different levels of embodiment.

What are the main findings and/or the implications of the main findings?

• The exploratory findings suggest that higher levels of embodiment were associated
with higher creativity scores and more frequent and interconnected behavioral transi-
tions, particularly in the highly embodied VR environment.

• Action-based metaphors and contextual consistency are proposed as potential explana-
tory factors, offering preliminary implications for the design of embodied learning
platforms and creativity-oriented design education.

Abstract

Design education places strong emphasis on fostering students’ creativity, and the rapid de-
velopment of embodied immersive technologies presents new opportunities in this regard.
This exploratory study recruits 34 university students with different levels of expertise
(17 novices and 17 experienced learners). Each participant completes a 3D conceptual
design task using three design platforms with varying levels of embodiment: desktop,
Mixed Reality (MR), and Virtual Reality (VR). Data on self-reported sense of embodiment,
design creativity, and behavioral patterns are collected and analyzed. The results suggest
that the VR platform, which provides the highest level of embodiment, is associated with
significantly higher overall creativity as well as six creativity dimensions: fluency, flexibility,
elaboration, originality, aesthetics, and requirement fulfillment. In addition, students using
the VR platform exhibit more frequent and interconnected transitions between design
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behaviors, suggesting more exploratory and flexible design processes. No significant in-
teraction is observed between design platform and expertise level in the present sample,
suggesting that the effects of platform embodiment are broadly similar for novice and
experienced learners. Based on these findings, this study proposes action-based metaphor
and contextual consistency as potential explanatory factors that may contribute to creativity
enhancement in highly embodied design platforms. Practical implications are discussed
from the perspectives of platform design, learner differences, and pedagogical strategies.
Overall, this exploratory study provides preliminary empirical evidence for understanding
how embodied design platforms may support creativity in immersive design education
and offers a foundation for future research.

Keywords: design creativity; embodied platforms; immersive technology; behavioral
pattern; design education

1. Introduction
Creativity is commonly defined as the ability to generate ideas that are both original

and effective [1]. In design education at the university level, in addition to the teaching of
relevant theories and technical skills, fostering students’ creativity has become a central
instructional objective. However, current digital design education still relies on traditional
desktop-based CAD tools and teacher-centered instructional approaches, where knowledge
is primarily delivered by instructors and passively received by students. This approach
may, to some extent, limit students’ intuitive understanding and hands-on interaction with
3D design objects and may constrain the development of creativity.

In recent years, immersive technologies such as Virtual Reality (VR) and Mixed
Reality (MR) have introduced new possibilities for design education. Compared with
traditional desktop-based systems, immersive platforms allow learners to directly ma-
nipulate design objects in 3D space and interact with virtual environments in real time.
These technologies have been rapidly adopted in educational contexts, and existing
studies suggest that they positively influence multiple aspects of learning, including
student engagement [2], learning efficiency [3], and learning outcomes [4]. From a
theoretical perspective, the educational benefits of immersive technologies can be un-
derstood through embodied cognition. This theory emphasizes that cognition is not
confined to abstract mental representations but emerges from the dynamic interaction
among the brain, body, and environment [5]. Prior research has suggested that embodied
metaphors based on gestures or bodily actions can effectively facilitate learners’ under-
standing and transfer of knowledge, yielding positive outcomes across diverse learning
contexts [6,7]. Johnson-Glenberg [8] further proposed a taxonomy of embodiment in
learning environments, highlighting three dimensions: the degree of sensori-motor
engagement, the congruence between gestures and learning content, and the level of
immersion experienced by users. It provides an important basis for analyzing embodied
learning platforms across technological contexts.

In design education, immersive technologies are particularly valuable for disciplines
involving complex 3D forms, such as product and industrial design. Previous research
indicates that traditional 2D displays and mouse-keyboard interactions may hinder de-
sign thinking [9], whereas immersive platforms can support direct manipulation of 3D
objects and real-time spatial perception during the design process [10]. However, several
limitations remain in the literature. First, most studies focus on single VR or MR system,
with limited comparisons across platforms with different levels of embodiment. Second,
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existing research has primarily examined creative solutions while paying less attention
to behavioral patterns during design activities, which may limit understanding of the
mechanisms underlying creativity. Third, research on how learners with different levels of
expertise respond to immersive design platforms remains limited.

To address these gaps, this exploratory study investigates the creative performance
and design behavioral patterns of novice and experienced learners across three design
platforms with different levels of embodiment: desktop, MR, and VR. Specifically, the
following research questions (RQs) are proposed:

RQ1: Do design platforms with different levels of embodiment lead to differences in
students’ creativity? If so, what are the key influencing factors?

RQ2: How do design platforms with different levels of embodiment affect students’
design behavioral patterns?

RQ3: Do students with different levels of expertise differ in their creative performance
and design behaviors across platforms with different levels of embodiment?

RQ4: Based on the findings, what practical implications can be drawn for the develop-
ment of embodied design platforms in future design education?

2. Literature Review
2.1. Creativity in Design and Its Assessment

With advances in technology and social development, increasing attention has been
devoted to fostering students’ creativity in education. In the context of design education,
creativity is not only reflected in the generation of innovative ideas but also involves
cognitive processes embedded in complex activities such as problem definition, solution
exploration, and iterative refinement [11]. This highlights the dynamic and process-oriented
nature of design creativity.

Various methods have been developed to assess creativity. Outcome-based evaluation
is among the most widely used approaches. The Consensual Assessment Technique (CAT)
evaluates creativity based on the assumption that experts within the same domain tend
to reach a general consensus when judging the same work [12,13]. This method has been
widely applied in design and educational research [14,15]. In addition, the Torrance Tests
of Creative Thinking (TTCT) evaluates creativity using indicators such as fluency, flexibility,
originality, and elaboration [16,17]. Beyond outcome-oriented approaches, process-oriented
methods such as think aloud protocol analysis and behavioral analysis have been used
to examine cognitive and behavioral patterns during creative tasks [18–20]. Combining
outcome- and process-based approaches may therefore provide a more comprehensive
framework for understanding creativity. However, relatively limited research has integrated
these assessment approaches with emerging immersive technological environments. The
present study combines CAT and behavioral analysis to comprehensively evaluate students’
creativity in design tasks and further explores how different design platforms affect both
creative performance and design processes.

2.2. Immersive Technologies in Design Education

With the growing adoption of digital technologies in education, immersive technolo-
gies such as VR and MR have become increasingly important. Compared with traditional
2D interfaces, immersive technologies can create more realistic learning environments.
Recent research suggests that immersion should not be considered solely as visual realism
but as a multidimensional experience involving perceptual, cognitive, and embodied di-
mensions [21]. Existing research has demonstrated that the rich perceptual experiences
acquired through learners’ bodily interactions with immersive environments facilitate the
formation and development of cognitive processes during learning [22,23].
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In design-related disciplines such as product, industrial, and architectural design,
immersive technologies have also shown considerable potential. Immersive platforms
create simulated environments in which users are situated within virtual spaces through
head-mounted displays (HMDs) and can interact with the environment using controllers
or bodily movements [24]. Consequently, within this digital environment, users can
interact beyond some of the physical constraints associated with conventional desktop
environments, allowing greater freedom in imagination and creative expression. Previous
studies have reported positive effects of immersive platforms on creativity in design
education. For example, Tang et al. reported that MR improved students’ geometric
analysis ability and creativity in product design courses [25]. Guan et al. further found
that students using VR-based collaborative painting demonstrated better collaboration
levels and higher creative quality of their works [26]. Similarly, Obeid and Demirkan
demonstrated that immersive VR environments had a significant influence on flow and
motivation, and consequently on design process creativity [10].

Despite these advances, existing research has primarily focused on single immersive
technologies, with limited systematic comparisons across platforms with different levels
of embodiment. Moreover, prior studies have largely emphasized design outcomes while
paying relatively less attention to the creative process and the mechanisms underlying
creative performance.

2.3. Embodied Cognition as a Theoretical Basis for Immersive Technologies

Embodied cognition theory challenges the traditional view in cognitive science that
confines cognition to information processing within the brain, emphasizing that cogni-
tion arises from the dynamic interactions among the body, brain, and environment [27].
Recent reviews further highlight that embodied cognition includes multiple theoretical
perspectives, such as grounded, enactive, and extended cognition, which emphasize
the role of sensorimotor experiences and environmental interaction in shaping cogni-
tion [28]. The extended cognition perspective further proposes that cognition can extend
beyond the brain through functional coupling with external objects and environmental
resources [29,30]. From this perspective, immersive technologies such as VR and MR
may function as cognitive extensions by integrating bodily actions, digital objects, and
spatial contexts into a continuous interaction system. Perceptual and motor systems not
only participate in cognitive processes but also constitute a fundamental basis of cogni-
tion. Embodied cognition has thus become increasingly influential in human–computer
interaction research and provides important theoretical support for technologies such as
wearable devices [31] and industrial robots [32].

The interactive and immersive characteristics of immersive technologies have drawn
increasing attention to users’ sense of embodiment in recent years [33]. Through virtual
avatars and bodily interaction, users may develop a sense of body ownership and agency,
referred to as embodiment [34,35]. Related research has mainly developed along two
directions. First, researchers have focused on enhancing embodiment experience through
technological advancements. For example, avatar appearance, wearable devices, and
haptic controllers have been shown to influence users’ sense of embodiment in VR envi-
ronments [36,37]. Second, researchers have examined the cognitive and affective effects of
embodied immersive technologies. Prior findings suggest that higher levels of embodiment
can enhance motivation, usability, focus and flow in educational contexts [38,39]. However,
existing research has largely focused on general cognitive or learning outcomes, with
limited attention to how embodied experiences influence creative thinking processes, par-
ticularly in complex contexts such as design tasks. Drawing on embodied cognition theory,
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this study therefore aims to investigate how different embodied immersive platforms affect
design creativity and to explore the behavioral mechanisms that may underlie these effects.

3. Design and Development of an Immersive Design Platform
3.1. System Framework

This study, guided by embodied cognition theory, developed an immersive design
platform that supports both VR and MR. The system framework of the platform is
shown in Figure 1. The platform leverages the advantages of these technologies to
enhance students’ creativity in 3D design activities, Specifically, on the one hand, the
system supports natural bodily interactions for users. The interaction logic of the
system is consistent with users’ bodily experiences in real-world creative activities, such
as building blocks or shaping clay, which involve actions like moving, rotating, and
scaling objects. In this system, students can rely on their prior embodied experiences to
manipulate virtual objects directly and naturally using both hands and bodily movement.
On the other hand, the system provides immersive design contexts. In VR mode, the
system can flexibly adjust the environmental model according to the requirements of
the design task, ensuring consistency between the design object and the virtual context.
For example, when students are asked to design a sofa for a living room, they are placed
within a virtual living room environment. In MR mode, the system directly displays the
real-world environment, while allowing participants to view the environmental model
from a bird’s-eye perspective.

Figure 1. System Framework of the Immersive Design Platform.
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3.2. Device Support

The experiment employs a head-mounted display, the Meta Quest 3S (Meta Platforms,
Inc., Menlo Park, CA, USA), as shown in Figure 2. The device is lightweight and equipped
with an adjustable elastic strap, allowing it to be adapted to different head sizes for extended
and comfortable use. It supports a refresh rate of up to 120 Hz, ensuring clear and smooth
visual performance. In addition, the device enables seamless switching between VR and
MR modes. In MR mode, the built-in color passthrough cameras integrate the real-world
environment into the virtual scene. This capability provides reliable hardware support for
comparing design platforms with varying levels of embodiment in experimental settings.

Figure 2. Experimental Scenario.

4. Method
4.1. Participants

Thirty-four undergraduate and master’s students (19–28 years old, 17 females and
17 males) were recruited from a university in Beijing. Among them, 17 participants with
formal education in design were classified as experienced learners, with majors including
industrial design, product design, and graphic design. The remaining 17 participants with-
out such training were classified as novice learners, with academic backgrounds in fields
such as computer science, materials engineering, and law. A post hoc power analysis was
conducted using G*Power 3.1 for the repeated-measures ANOVA. Assuming a significance
level of α = 0.05 and a medium effect size (f = 0.25), the achieved statistical power for the
final sample of 34 participants was 0.89, exceeding the recommended threshold of 0.80. This
result indicated that the sample size was adequate for the statistical analyses performed in
this study.

4.2. Research Design

To compare the effects of design platforms with varying levels of embodiment
on student creativity, three design platforms were established: desktop, MR, and VR.
Based on the taxonomy of embodiment for educational platforms proposed by [8], the
platforms were classified into low, medium, and high levels of embodiment, as shown
in Figure 3. This framework is based on three factors: (a) the degree of sensori-motor
engagement; (b) the congruence between gestures and the learning content; and (c) the
level of immersion experienced by the user. To control for other potential confounding
variables, the interaction interfaces, learning strategies, and experimental procedures
were kept consistent across conditions.
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Figure 3. Comparison of embodiment levels across design platforms.

In this study, all participants completed 3D product conceptual design tasks across
the three platforms. The entire experiment lasted approximately 60 min. To minimize
potential order, learning, and fatigue effects, the presentation order of the desktop, MR,
and VR conditions was counterbalanced across participants, with participants randomly
assigned to different condition sequences. With informed consent, all experimental tasks
were recorded in video and written formats for subsequent analysis. The experiment was
conducted in a laboratory equipped with desktop computers and head-mounted devices
under controlled lighting and a noise conditions.

4.3. Design Task

In this design task, participants were instructed to create conceptual 3D seating models
using specified basic geometric shapes by combining and stacking them. The design
solutions were required to align with the style of a specified public reading space (as shown
in Figure 1), while balancing functionality and aesthetics. Five basic geometric shapes
were provided in the experiment: cube, sphere, cylinder, cone, and triangular pyramid.
Participants were allowed to perform six fundamental interaction operations, including
generating, scaling, moving, rotating, deleting, and saving. Each task lasted 10 min, and
participants were encouraged to produce as many design solutions as possible within the
time limit.

4.4. Procedure

The overall procedure of this study was structured based on the 5E instructional model
and was appropriately adapted to the characteristics of 3D design practice. The 5E model
consists of five phases: engagement, exploration, explanation, elaboration, and evaluation.
It was originally proposed by the Biological Sciences Curriculum Study (BSCS) [40] and
emphasizes active knowledge construction through a progressive learning stages. In this
study, the 5E framework was employed to ensure a consistent and comparable learning and
design process across different design platforms. The procedure consisted of the following
five phases.

https://doi.org/10.3390/systems14081020
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(1) Engagement: The experimenters introduced the task background and explained
how to use the desktop, MR, and VR platforms. All participants received standardized
training on the three platforms before the formal task. The training was followed by a basic
practice task, and participants proceeded to the formal experiment only after successfully
completing the practice task. This procedure helped participants become familiar with the
systems and ensured a comparable level of basic operational proficiency across platforms.
(2) Exploration: Participants independently completed the 3D seating design task on
different platforms with minimal intervention. This phase served as the core stage for
idea generation. (3) Explanation: Conducted concurrently with the exploration phase,
participants were asked to verbalize their design thinking and explain the concepts and
structural features of their work. Meanwhile, the experimenter provided appropriate
feedback to encourage reflection on their cognitive processes. (4) Elaboration: Participants
reflected on and compare their interaction experiences and design processes across different
platforms, and were encouraged to transfer these experiences to broader design contexts.
(5) Evaluation: Domain experts assessed participants’ creativity based on their design
solutions, enabling a comprehensive evaluation of the effects of different design platforms
on creativity.

4.5. Instruments
4.5.1. Assessment of Sense of Embodiment

Based on the embodiment taxonomy in educational contexts (see Section 4.2), the
three design platforms (desktop, MR, and VR) were categorized into low, medium,
and high levels of embodiment. To verify the intended differences in embodiment
across the three platforms, participants’ subjective sense of embodiment was measured
using standardized questionnaires. In educational and immersive technology research,
presence and agency are widely regarded as two key dimensions for evaluating the sense
of embodiment [8,34,35]. Presence is commonly defined as a form of place illusion [41],
or the subjective sense of “being there” in a virtual environment [42]. In this study,
presence referred to participants’ perceived immersion in a virtual design space. Even in
desktop-based interaction, where the body is not represented through a virtual avatar,
presence can still serve as a useful construct for explaining the relationship between
the self and the virtual environment. The sense of agency is defined as the sense of
having “global motor control, including the subjective experience of action, control,
intention, motor selection and the conscious experience of will” [43]. In this study,
agency referred to the extent to which designers perceive control over digital content
during the design process. Based on existing embodiment questionnaires [44–46], the
present study adapted questionnaire items related to presence and agency to assess
participants’ embodiment experiences. Reliability and validity analyses indicated high
internal consistency (Cronbach’s α = 0.928) and good construct validity (KMO = 0.826,
p < 0.001), suggesting that the questionnaire demonstrated good reliability and construct
validity. The questionnaire items are listed in Table 1, and all items were rated on a
five-point Likert scale (1 = strongly disagree, 5 = strongly agree).

Table 1. Sense of Embodiment Questionnaire.

Dimension Questionnaire Item

Sense of agency I felt that my bodily movements occurred within the scene displayed.
I felt that I could create naturally using this platform.

Sense of presence I felt that my body was physically present in the scene displayed.
I felt that I could almost touch the scene and design objects.

https://doi.org/10.3390/systems14081020
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4.5.2. Consensual Assessment Technique

The Consensual Assessment Technique (CAT), proposed by Amabile [12], evaluates
creativity based on the degree of agreement among experts within the same domain
when judging creative works. CAT is particularly suitable for product-oriented creativity
assessment in fields such as design and the arts [47]. In selecting evaluation indicators,
this study referred to Guilford’s four classic dimensions of creativity: fluency, flexibility,
elaboration, and originality [48]. Based on this framework, Casakin and Kreitler [49]
further extended the evaluation dimensions in design problem-solving to include useful-
ness, aesthetic representation, and requirement fulfillment. Similarly, Christensen and
Ball [50] emphasized originality, functionality, and aesthetics as three core dimensions in
expert evaluations of creativity within the field of design. Drawing on these established
frameworks and considering the characteristics of the experimental task, the present
study identified seven dimensions to evaluate the creativity of design solutions: fluency,
flexibility, elaboration, originality, aesthetics, functionality, and requirement fulfillment.
Each dimension was rated using a seven-point Likert scale. Four experts with profes-
sional experience in industrial design were invited to evaluate the creativity of the design
solutions. Before evaluation, the experts were informed of the definitions of the seven
creativity dimensions and the corresponding scoring criteria. They then independently
rated all participants’ solutions without discussion, and the final creativity score was cal-
culated as the average rating across the four experts. The participants were anonymized,
and the experts were blinded to the corresponding design platforms and participants’
expertise levels. The inter-rater consistency was assessed using Cronbach’s α and the
intraclass correlation coefficient (ICC). The results showed a high level of agreement
among the experts (Cronbach’s α = 0.876, ICC = 0.858), supporting the reliability of the
consensual assessment.

4.5.3. Lag Sequential Analysis

Lag Sequential Analysis (LSA) was employed to examine participants’ design behavior
sequences. The primary purpose of LSA is to test the probability and statistical significance
of specific behavioral sequences [51]. It is particularly suitable for identifying behavioral
pathways and examining transition patterns within time-series data.

In this study, students’ design behaviors were coded from video recordings and
analyzed using LSA. Behavioral transition pathways were then identified, enabling analysis
of students’ design behavioral patterns across different design platforms. Based on existing
coding schemes for creative design behavior [20], participants’ behaviors were categorized
into two main types: operational and observational behaviors, including eight specific
design behaviors. Detailed coding definitions are provided in Table 2. Non-design-related
actions, such as adjusting the head-mounted device, were excluded from the coding. To
establish coding reliability, two researchers independently coded videos from two randomly
selected participants. Inter-rater agreement was quantified using Cohen’s kappa (k = 0.85),
indicating a high level of consistency between the two coders.

Table 2. Behavioral Coding Scheme and Definitions.

Behavior Code
Behavioral Definition

Desktop MR/VR

Operational
Behaviors

Generate A1 Click the target object using the mouse Tap the target object on the
function panel with a finger

Move A2 Click the “Move” icon and drag the
mouse along the X/Y/Z axis

Grasp the target object with one
hand and move it directly

https://doi.org/10.3390/systems14081020
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Table 2. Cont.

Behavior Code
Behavioral Definition

Desktop MR/VR

Operational
Behaviors

Rotate A3 Click the “Rotate” icon and drag the
mouse along the X/Y/Z axis

Grasp the target object with one
hand and rotate it directly

Scale A4 Click the “Scale” icon and drag the
mouse along the X/Y/Z axis

Pinch the target object with both
hands and move hands closer

together or farther apart

Delete A5 Click the “Delete” icon
Grasp the target object with one
hand and tap the “Delete” icon

with the other hand
Save A6 Click the “Save” icon Tap the “Save” icon with a finger

Observational
Behaviors

Observe
Environment B1 Rotating the view around the

environment center
Fixate gaze on the environment

model for more than 2 s

Observe
Solutions B2

Zooming in/out in top, right,
and front views, or rotating the
view around the solution center

in perspective view.

Fixate gaze on the design
solution for more than 2 s

5. Data Analysis
IBM SPSS Statistics Version 28 was used to conduct a 2 (expertise level: novice vs.

experienced) × 3 (design platform: desktop, MR, and VR) repeated-measures ANOVA
on students’ ratings of embodiment and design creativity. The analysis aimed to exam
differences in creativity across platforms with different levels of embodiment and between
learners with different levels of expertise.

For the behavioral analysis, two researchers analyzed all design activity videos
from 34 students across the three experimental conditions. Each design task lasted
approximately 10 min. A total of 9226 valid behavioral transition events were coded,
including 1733 in the desktop condition, 3373 in the MR condition, and 4120 in the VR
condition. The coded data were then analyzed using GSEQ 5.1 to perform LSA and
calculate adjusted residuals for significance testing. Significant behavioral sequences
were identified based on Z-scores, with higher values indicating a greater likelihood of
transition between behaviors. Finally, behavioral transition diagrams were constructed
to visualize students’ design behavior patterns.

6. Results
The embodiment and creativity scores were analyzed using repeated-measures

ANOVA, with design platform (Desktop, MR, and VR) as the within-subjects factor and
expertise level (novice vs. experienced) as the between-subjects factor. Prior to the analyses,
the assumptions of normality and homogeneity of variances were examined. Normality
was assessed using both the Shapiro–Wilk test and Q–Q plots, which indicated that the
embodiment and creativity scores were approximately normally distributed across all
experimental conditions. Homogeneity of variances was evaluated using Levene’s test.
Although minor violations of homogeneity of variances were observed in some conditions,
ANOVA has been shown to be relatively robust to moderate heterogeneity of variances in
balanced designs with equal group sizes [52]. Therefore, the data were considered appropri-
ate for subsequent repeated-measures ANOVA. Whenever the assumption of sphericity was
violated, the Greenhouse-Geisser correction was applied to adjust the degrees of freedom.
The significance level was set at α = 0.05 for all statistical analyses.
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6.1. Manipulation Check for Sense of Embodiment

A manipulation check was first conducted to verify whether the three design platforms
elicited distinct levels of embodiment. All students’ overall embodiment scores across
the Desktop, MR, and VR conditions were analyzed, with descriptive statistics presented
in Table 3.

Table 3. Descriptive Statistics for Sense of Embodiment.

Platforms Sense of Agency Sense of Presence Sense of Embodiment
M SD M SD M SD

Desktop 1.94 0.82 1.83 0.88 1.88 0.78
MR 3.83 0.76 3.97 0.81 3.90 0.74
VR 4.32 0.67 4.38 0.70 4.34 0.53

Regarding the design platform factor, the results indicated a significant difference in
students’ sense of embodiment across platforms (F (2, 64) = 132.177, p < 0.001, ηp2 = 0.805).
Post hoc multiple comparisons further revealed that the VR condition produced the highest
level of embodiment, which was significantly higher than both the MR (p < 0.005) and
desktop (p < 0.001) conditions. This result supports the intended embodiment classification
of the three design platforms. Among them, VR, which integrates both bodily interaction
and fully immersive virtual environments, achieved the highest level of embodiment.
MR showed a reduced level of embodiment due to its limited environmental immersion,
whereas the traditional desktop platform exhibited the lowest level of embodiment.

Regarding expertise level, novices reported a significantly higher sense of embodiment
than experienced learners (F (1, 32) = 10.178, p < 0.01, ηp2 = 0.204). One possible explanation
is that novices, having less prior experience with 3D modeling, may have a greater sensitiv-
ity and novelty perception during the design process. In contrast, experienced learners,
who possess more professional perspectives and higher expectations for 3D modeling tools,
tend to evaluate embodiment more conservatively.

In addition, the interaction effect between design platform and expertise level was not
significant (F (2, 64) = 2.401, p > 0.05, ηp2 = 0.070), indicating that no statistically significant
interaction between these two factors was observed in the present study. This suggests
that, in the present sample, no evidence was found that the effect of design platform on
perceived embodiment differed between novice and experienced learners.

6.2. Comparative Analysis of the Creativity of Design Solutions
6.2.1. Analysis of Overall Creativity Scores

Figure 4 presents the overall creativity scores and scores for the seven creativity
aspects across the three design platforms for students with different levels of expertise.
The overall creativity scores are shown in Figure 4a. The results of the repeated-measures
ANOVA revealed significant differences in creativity across the three design platforms
(F (2, 64) = 21.971, p < 0.001, ηp2 = 0.407). Post hoc multiple comparisons indicated that
creativity scores in both the VR (p < 0.001) and MR platform (p < 0.001) were significantly
higher than those on the desktop platform. This result suggests that higher levels of
embodiment may facilitate creativity during design tasks.

https://doi.org/10.3390/systems14081020
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Figure 4. Creativity Scores of Design Solutions. Boxes represent the interquartile range, and
horizontal lines indicate medians. White hollow dots represent mean values, while black solid
dots indicate outliers.

For expertise level, experienced learners demonstrated significantly higher creativity
scores than novice learners (F (1, 32) = 4.288, p < 0.05, ηp2 = 0.118). One possible explanation
is that the 3D product design task required a certain level of domain knowledge, which
may have enabled experienced learners to draw more effectively on prior knowledge and
practical experience when developing their design solutions.

Notably, no significant interaction effect was found between design platform and
expertise level (F (2, 64) = 0.148, p > 0.05, ηp2 = 005), indicating that the effect of embodied
design platforms did not significantly differ between novice and experienced learners in
the present sample. This finding suggests that highly embodied design platforms may
provide promising opportunities for supporting learners with different levels of expertise
in future design education and training.

6.2.2. Analysis of Creativity Scores by Dimension

The effects of design platform and expertise level on the seven aspects of creativity
evaluation were further examined, as shown in Figure 4b–h, including fluency, flexibil-
ity, elaboration, originality, aesthetics, functionality, and requirement fulfillment. The
results of the repeated-measures ANOVA indicated significant differences across design
platforms in six aspects: fluency (F(1.546, 49.460) = 9.269, p < 0.005, ηp2 = 0.225), flexi-
bility (F(2, 64) = 18.860, p < 0.001, ηp2 = 0.371), elaboration (F(2, 64) = 18.535, p < 0.001,
ηp2 = 0.367), originality (F(2, 64) = 7.470, p < 0.01, ηp2 = 0.189), aesthetics (F(2, 64) = 5.560,
p < 0.05, ηp2 = 0.148), and requirement fulfillment (F(2, 64) = 9.405, p < 0.001, ηp2 = 0.227).
Post hoc multiple comparisons showed that, across these six dimensions, students con-
sistently achieved significantly higher creativity scores in the VR condition than in the
desktop condition, while the MR condition generally showed intermediate performance.
These results suggest that the highly embodied VR platform may encourages students
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to generate more design ideas, explore a wider range of alternatives, and produce more
original solutions. Designs created in VR also tended to be more refined and detailed. In
addition, higher scores in aesthetics and requirement fulfillment suggest that the immersive
design environment may support the creation of more visually appealing designs while
better addressing contextual requirements of the design task. In contrast, no significant
differences were found across platforms in functionality, indicating that the level of em-
bodiment provided by the design platform had limited influence on the functional quality
of students’ design solutions. One possible explanation is that functionality represents a
relatively stable dimension of design solutions, depending more on designers’ understand-
ing of product requirements and domain knowledge than on the design platform itself.
Previous research has similarly suggested that, for conventional products with rather stable
functional requirements (e.g., chairs), functionality is less strongly associated with design
creativity comparing with other creativity dimensions [53].

For expertise level, experienced learners scored significantly higher than those of
novice learners in flexibility (F (1, 32) = 4.789, p < 0.05, ηp2 = 0.130) and requirement
fulfillment (F (1, 32) = 4.414, p < 0.05, ηp2 = 0.121). These findings suggest that specialized
training in design enables students to develop more flexible design ideas, and better ensure
the achievement of design objectives during the creative process.

6.3. Comparative Analysis of Design Behavior Patterns

The coded behavioral sequences from the three design platforms (desktop, MR, and
VR) were imported into GSEQ to calculate adjusted residuals (Z-scores), as shown in
Table 4. The values represent the differences between the observed and the expected be-
havioral transition frequencies for the corresponding rows and columns. Following [51],
behavioral transition pathway with Z-score greater than 1.96 is considered statistically
significant. As shown in Table 4, a total of 38 significant behavioral sequences were
identified, including 9 in the desktop condition, 14 in the MR condition, and 15 in the
VR condition.

Table 4. Adjusted Residuals (Z-scores).

A1 A2 A3 A4 A5 A6 B1 B2

Desktop

A1 −7.46 9.29 * −1.06 1.17 1.39 −4.96 −1.49 −2.73
A2 1.76 −11.53 0.33 9.25 * −0.5 −1.06 1.23 3.96 *
A3 −0.14 1.6 −0.48 1.14 −0.84 −1.53 −0.84 −1.86
A4 −1.73 8.65 * 3.33 * −9.15 −0.94 −2.68 0.65 0.68
A5 6.2 * −4.3 −0.84 −2.53 3.69 * 0.06 0.24 1.37
A6 0 0 0 0 0 0 0 0
B1 10.38 * −4.19 −1.85 −2.31 −1.37 −1.15 −1.37 0.32
B2 −0.65 −2.63 −1.86 −1.92 0.11 15.98 * 0.74 −3.43

MR

A1 −7.07 24.83 * −7.14 −12.23 −1.17 −5.38 −2.84 −5.04
A2 6.05 * −27.49 0.67 22.58 * 0.39 −0.29 2.22 * 7.85 *
A3 −1.64 −0.73 −5.44 7.84 * −1.74 −2.04 0.18 −0.74
A4 −8.2 16.18 * 13.04 * −16.78 0.96 −5.25 −0.19 −5.02
A5 5.67 * −4.48 −2.24 −2.25 1.83 5.7 * 0.73 2.06 *
A6 0 0 0 0 0 0 0 0
B1 15.66 * −6.02 −3.14 −4.53 0.5 −2.09 −1.1 2.96 *
B2 1.51 −5.29 −3.61 −3.88 0.4 26.15 * 0.69 −2.03

VR

A1 −11.72 29.72 * −8.7 −12.41 −1.23 −5.33 −2.63 −6.06
A2 8.03 * −32.6 2.38 * 25.69 * 0.39 −2.65 0.54 10.34 *
A3 0.19 −0.59 −5.36 6.77 * −0.19 −3 −0.68 −2.1
A4 −10.58 19.34 * 12.38 * −17.52 0.65 −5.17 0.26 −5.41
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Table 4. Cont.

A1 A2 A3 A4 A5 A6 B1 B2

VR

A5 9.37 * −4.94 −2 −3.79 2.38 * 3.2 * 0.15 1.01
A6 0 0 0 0 0 0 0 0
B1 17.9 * −8.14 −3.15 −4.9 −1.52 0.15 −1.53 2.72 *
B2 1.81 −5.26 −2.89 −6.14 0.36 29.84 * 5.55 * −2.79

Note: “*” in the table indicates Z-score > 1.96.

To further visualize students’ design behavior patterns across platforms, behavioral
transition diagrams were constructed based on the statistically significant behavioral
data (see Figure 5). Separate diagrams were generated for novice and experienced
learners under each design platform. In the diagrams, circular nodes represent specific
behaviors. Significant behavioral transitions are indicated by lines connecting the nodes,
and the direction of the transition is shown by arrows on the lines. The values displayed
on the lines represent the Z-scores, and thicker lines indicate higher frequencies. As
shown in Figure 5, the desktop platform exhibited fewer significant behavioral transition
pathways than the MR and VR platforms, with weaker continuity between different
design behaviors. The thickness of the transition lines and the corresponding Z-score
values further indicate that the behavioral transitions occurred less frequently on the
desktop platform than on the MR and VR platforms. In contrast, VR platforms showed
the greatest number of significant transition pathways, together with higher transition
frequencies and stronger interconnections among different design behaviors. This sug-
gests that students may have engaged in more complex and dynamic design processes
when using the highly embodied platforms.

Figure 5. Behavioral Transition Diagrams.
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Regarding specific behavioral transition patterns, Figure 5 reveals distinct behavioral
characteristics across the three design platforms. Although each platform showed unique
transition patterns, the VR and MR conditions hare some similarities due to their higher
levels of embodiment, For instance, students using both immersive platforms frequently
switched bidirectionally among generating (A1), moving (A2), scaling (A4), and rotating
(A3) target objects (A1 ↔ A2, Z-score (VR) = 29.72 and 8.03, Z-score (MR) = 24.83 and 6.05;
A2 ↔ A4, Z-score (VR) = 25.69 and 19.34, Z-score (MR) = 22.58 and 16.18; A4 ↔ A3, Z-score
= 12.38 and 6.77, Z-score (MR) = 13.04 and 7.84). Before generating new objects, students also
frequently engaged in deletion (A5 → A1, Z-score (VR) = 9.37, Z-score (MR) = 5.67) and en-
vironmental observation (B1 → A1, Z-score (VR) = 17.9, Z-score (MR) = 15.66). Compared
with the small-scale mouse and keyboard operations required in the desktop platform,
the MR and VR platforms allowed students to interact through natural hand gestures
and body movements, providing greater sensori-motor engagement. As illustrated in
Figure 1, the gesture design of the MR/VR systems was highly consistent with the nat-
ural movements people use when manipulating physical objects. Such consistency may
have allowed students to map virtual interactions onto their prior design experiences of
manipulating real-world objects, thereby facilitating more intuitive design exploration.
Consequently, students in the MR and VR conditions engaged in repeated operations, such
as moving, scaling, and rotating objects to identify appropriate spatial configurations, as
well as generating and deleting objects to compare alternative design ideas. Beyond these
shared characteristics, the VR condition demonstrated more frequent and interconnected
behavioral patterns than the desktop and MR conditions. Students in VR more frequently
alternated among generating (A1), moving (A2), scaling (A4), and rotating (A3) target
objects during the design process. They also showed frequent bidirectional transition be-
tween observing the environment (B1) and observing their design outcomes (B2), indicating
continuous interactions between spatial exploration and design refinement. These findings
suggest that the highly embodied VR platform supported more dynamic and exploratory
design interactions. Compared with the other two platforms, the distinctive embodiment
characteristic of VR lies in its fully immersive design context. As shown in Figure 3, VR
provided the highest level of immersion, which may have strengthened students’ sense of
presence during the design task. Johnson-Glenberg [8] suggested that a stronger sense of
presence enables learners to suspend disbelief and engage more actively with the virtual
environment. This may explain why students in the VR condition demonstrated more
frequent and complex behavioral transitions, as well as more intensive observation of both
the design environment and their created objects.

Regarding expertise level, comparisons between novice and experienced learners
under each design platform also revealed distinct behavior patterns. On the desktop
platform, experienced learners demonstrated a noticeably larger number of significant
behavioral transition pathways than novice learners, suggesting that traditional desktop-
based may impose a higher learning burden on novices and constrain their design
exploration. Previous research has also shown that learners with limited prior knowledge
tend to perform more poorly and often require additional instructional support [54]. In
contrast, under the MR and VR platforms, the two groups exhibited similar numbers of
significant behavioral transition pathways, indicating that higher level of embodiment
provided by immersive technology may create a more inclusive design environment.
This embodied nature appeared to reduce differences in behavioral adaptation between
novice and experienced learners, enabling both groups to engage more readily in free
and active design exploration.
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7. Discussion and Implications
7.1. The Role of Embodied Factors in Enhancing Design Creativity in Design Platforms

Based on both the CAT evaluation of design solutions and the behavioral analysis of
the creative process, the findings indicated that higher levels of embodiment positively
support creativity. Specifically, students experienced the strongest sense of embodiment on
the VR platform, where their design solutions achieved the highest creativity scores and
exhibited more frequent and complex design behaviors. In contrast, students in the desktop
condition reported lower embodiment and creativity levels and demonstrated relatively
simple design behaviors. The MR platform showed intermediate performance between
the two. Combined with students’ feedback on their design experiences, the study further
proposed two potential explanatory embodied factors underlying creativity enhancement
in design platforms: action-based metaphors and contextual consistency.

7.1.1. Action-Based Metaphors

In the VR and MR platforms, students completed the design tasks through gestures
and bodily movements. Interactions such as moving and scaling (see Figure 1) virtual
objects were designed to resemble common real-world actions. Many participants described
the interaction experiences as similar to playing with building blocks or shaping clay. For
example, one participant stated, “When I grab or move virtual objects with my hands, it
feels like playing with building blocks, which allows me to fully engage in the activity”
(Participant 9). These embodied interactions, which draw on metaphors from everyday
experiences in the real world, may easily activate cognitive associations related to creative
design. As a result, students may approach the design task in a more intuitive and relaxed
state, which helps stimulate their creative potential. Several participants also reported
that bodily interaction helped stimulate new ideas during the design process. As one
student explained, “Although I had an initial design idea, adjusting objects with my hands
often led to new ideas. Rapid changes in body movements stimulated new thoughts and
made my thinking more flexible” (Participants 22 and 30). Previous research has also
shown that switching between left and right hands can metaphorically activate shifts
in cognitive perspectives, helping individuals break fixed patterns of thinking [55]. In
addition, fluid and fluent movements during creative tasks can metaphorically enhance
creative processing [56,57]. Consistent with these findings, the behavioral analysis in
this study showed that students in the VR and MR conditions exhibited more frequent
and interconnected behavioral transitions, potentially reflecting more exploratory and
flexible design cognitive process. These findings suggest that the embodied experiences
in immersive platforms may strengthen the connection between bodily experience and
abstract design thinking, which may in turn facilitate creativity.

7.1.2. Contextual Consistency

In desktop design platforms, interaction and visualization occurred in separate spaces.
Students interacted with the system using keyboard and mouse, while design objects were
presented on a 2D screen. In contrast, VR and MR platforms integrated interaction and
visualization within the same spatial context. In particular, the VR platform provided
immersive virtual scenes aligned with the design task context (e.g., a “public reading
space”). This may have allowed students to more intuitively perceive the relationship
between the product and its surrounding environment and facilitated the activation of
real-world experiences. For example, one participant commented, “I felt fully immersed in
the public reading space, as if my body was part of the environment. After completing a
design, I even wanted to physically sit there and experience what it felt like” (Participant 10).
Behavioral analysis further showed that the “Observe Environment ↔ Observe Solutions”
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transition occurred more frequently in the VR condition. This suggests that contextual
consistency may facilitate the use of environmental cues during design thinking, thereby
transforming them into creative ideas. Neisser (2014) [58] also argued that perception is a
real-time process that occurs within specific environmental contexts and is closely linked
to situational factors. The present findings therefore suggest that contextual consistency
may promote coordination between design cognition and the surrounding environment,
helping students draw on embodied experience during design activities and potentially
facilitating creativity.

7.2. Practical Implications

The findings of this study suggest that the development of design platforms should
move beyond a purely technological focus toward a deeper integration of embodied
cognition and instructional design, in order to better support students’ creativity. Practical
implications are discussed from three perspectives: platform design, learner differences,
and pedagogical strategies.

7.2.1. Design Considerations for Embodied Design Platforms

Most existing design platforms remain predominantly visually oriented, with inter-
action largely relying on indirect control methods such as keyboards, mice, or handheld
controllers. This may lead to a disconnection between learners’ bodily engagement and
cognitive processes. The present findings indicate that higher levels of embodiment may
contribute to enhanced creativity. Future design platforms should therefore strengthen
embodiment through both bodily interaction and environmental context. First, system
interactions could establish intuitive mappings with real-world activities to support more
natural and direct bodily engagement during design tasks. Such sensori-motor involve-
ment may stimulate creative thinking through embodied experience, which is consistent
with the view that cognitive processes are grounded in perceptual and motor systems [59].
Second, immersive environments could be aligned with design tasks to provide contextually
consistent experiences. This alignment may support learners’ situational understanding
and foster creative thinking by situating design activities within meaningful contexts.

7.2.2. Supporting Creativity Across Different Learner Expertise Levels

The results showed no significant interaction between design platform and expertise
level, suggesting that highly embodied design platforms may enhance creativity among
both novice and experienced learners. However, differences in creative performance across
expertise levels indicate that learners may demonstrate distinct cognitive characteristics
within embodied learning environments. These findings suggest that embodied design
platforms have the potential to support different stages of design education as effective
tools of creative practice. At the same time, instructional support should be adapted to
learners’ cognitive characteristics. Specifically, novice learners tend to rely more heavily
on concrete experience. According to experiential learning theory [60], platforms could
therefore provide direct sensory feedback (e.g., tactile sensation of virtual materials) and
intuitive interfaces to support knowledge construction through embodied experience. In
contrast, experienced learners are more capable of abstract reasoning and integration based
on existing knowledge structures [60]. Accordingly, design systems could offer higher-level
tools, such as parametric control and structural visualization to facilitate the integration
of embodied experience with conceptual knowledge, thereby supporting more complex
design exploration and innovation.
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7.2.3. Pedagogical Strategies for Embodied Design Platforms

The integration of embodied design platforms represents not only a technological
advancement but also a transformation in design pedagogy. Rather than simply transfer-
ring traditional instructional content into virtual environments, educators may need to
reconsider teaching roles, instructional competencies, and assessment approaches within
embodied learning contexts. First, teachers should shift from the role of knowledge trans-
mitters to facilitators who support students’ active exploration through embodied learning
environments. Second, educators also need to develop new instructional competencies. In
addition to mastering platform functionalities, a deeper understanding of the embodied
characteristics of immersive environments may help educators design learning activities
that more effectively foster creative thinking. Finally, assessment strategies should be
adapted accordingly. Beyond evaluating final design solutions, incorporating process-
oriented measures, such as design behavioral patterns, can provide a more comprehensive
evaluation of students’ creativity and problem-solving abilities. Aligning pedagogical
strategies with the affordances of embodied platforms may help educators more fully
realize their potential for fostering creativity in design education.

8. Conclusions
This study provides preliminary empirical evidence for the effectiveness of embodied

design platforms in enhancing students’ design creativity. The findings offer both theoreti-
cal insights and practical implications for the digital transformation of design education. A
major contribution of this research is that it explores the potential of integrating embodied
cognition theory into the development of design platforms, extending current perspectives
on digital technology in design education. In doing so, the study highlights the interrela-
tionships among design thinking, design behavior, and digital technologies. The findings
suggest that higher levels of embodiment may facilitate creative performance within digital
design platforms. In particular, action-based metaphor and contextual consistency emerged
as two potential explanatory factors that may help interpret how embodied platforms
influence creativity. These insights offer practical implications for the design of embodied
platforms, the accommodation of learner differences, and the development of pedagogical
strategies in future design education.

9. Limitations and Future Work
Despite these contributions, several limitations should be acknowledged. First,

due to technical constraints, the present study focused primarily on early-stage concep-
tual design tasks. Future work should extend the investigation to broader phases of
the design process, including iteration and evaluation. Second, the behavioral coding
scheme focused on observable design actions (e.g., move, rotate, and scale) to identify
behavioral transition patterns across different platforms. However, it did not distinguish
the cognitive strategies underlying individual actions, such as exploratory, corrective, or
goal-directed behaviors. Future research could combine fine-grained behavioral analysis
with cognitive measures to investigate how embodied platforms influence the evolution
of design cognitive strategies. Third, several individual and experimental factors may
have influenced participants’ performance across platforms. These include individual
differences in digital literacy, learning effects from repeated tasks, and participant fatigue.
In addition, potential simulator sickness and the novelty of immersive technologies may
have affected participants’ experiences and creative performance. Although the order
of conditions was counterbalanced, and standardized training and practice tasks were
provided, these factors cannot be completely ruled out. Future studies could control
participants’ prior experience more systematically, adopt longer-term exposure, and
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monitor simulator sickness and fatigue to further isolate the effects of embodiment.
Fourth, this study mainly examined design creativity, while the potential impact of
embodied platforms on other learning outcomes, such as collaboration, engagement
and learning quality, remains to be explored. Future research should further integrate
embodied cognition with theories of knowledge construction to develop a more com-
prehensive theoretical framework for embodied digital education platforms, thereby
providing sustained support for cultivating innovative design talents.
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