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Abstract:

With the expansion of hybrid work models and the increasing reliance on digital interactions, mental fatigue and diminished attentional
capacity have emerged as major challenges to workforce mental health. Attention Restoration Theory (ART) proposes that natural
environments can facilitate the recovery of depleted cognitive resources. The objective of this study was to examine the effectiveness of
biophilic architectural design in metaverse environments in reducing mental fatigue and restoring directed attention among employees in
hybrid work settings. This quasi-experimental study was conducted with the participation of 60 remote employees assigned to three groups:
a standard virtual work environment, a virtual environment with limited biophilic elements, and a fully immersive biophilic environment.
Following the completion of a cognitively fatiguing task, participants were exposed to the designed metaverse environments for 15 minutes.
Data were collected using the Attention Network Test (ANT) and the Mental Fatigue Scale questionnaire and were analyzed using analysis
of variance (ANOVA). The results indicated that participants exposed to the fully immersive biophilic environment reported a statistically
significant reduction in mental fatigue levels (p < .05). Furthermore, attention restoration scores in this group were significantly higher
compared to both the control group and the limited-biophilic-elements group. Design component analysis demonstrated that the presence of
dynamic elements, such as virtual water movement and simulated natural lighting, exerted the strongest influence on cognitive indicators.
The integration of biophilic architectural principles into the design of metaverse workspaces can serve as an effective strategy for managing
digital fatigue and enhancing cognitive health in hybrid work environments.
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Extended Abstract

Introduction

The rapid transition toward hybrid work environments, driven by advances in digital technologies and global structural
shifts in organizational practices, has fundamentally transformed the nature of human—workspace interaction. While hybrid
work models offer increased flexibility and autonomy, they also introduce new cognitive challenges associated with sustained
digital engagement, including mental fatigue, attentional depletion, and diminished cognitive performance. Continuous
exposure to virtual interfaces, reduced sensory diversity, and prolonged engagement with cognitively demanding tasks
contribute to the phenomenon of digital fatigue, which impairs executive functioning, emotional regulation, and productivity.
In response to these challenges, emerging technological ecosystems such as the metaverse present new opportunities for
redefining work environments in ways that support cognitive well-being. However, merely replicating traditional office
structures in virtual space is insufficient; instead, metaverse environments must be intentionally designed to enhance
psychological and cognitive restoration using principles derived from environmental psychology and architectural design (1).

Attention Restoration Theory (ART), developed by Kaplan and Kaplan, provides a foundational theoretical framework for
understanding how environmental features influence cognitive recovery processes. According to ART, directed attention—the
cognitive resource required for focused work and executive control—is limited and becomes depleted through sustained use.
Natural environments facilitate restoration by engaging involuntary attention through characteristics such as fascination, extent,
and compatibility, thereby allowing directed attention to recover without effort. While the restorative effects of physical nature
are well documented, recent technological advances have enabled the creation of immersive virtual environments capable of
simulating natural experiences. Virtual nature, when designed with sufficient realism and immersion, can activate similar
perceptual and neurological mechanisms as real-world natural settings, thereby facilitating attention restoration and reducing
cognitive fatigue (2).

Biophilic design, rooted in the biophilia hypothesis proposed by Wilson, emphasizes the innate human affinity for natural
environments and the psychological benefits derived from exposure to natural elements. In architectural contexts, biophilic

design incorporates features such as natural light, vegetation, organic forms, and sensory variability to enhance psychological
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comfort and cognitive functioning. In virtual environments, these principles can be translated into immersive digital ecosystems
that incorporate dynamic natural elements, spatial openness, and multisensory stimulation. Unlike physical architecture, virtual
environments are not constrained by material limitations, allowing designers to create optimized restorative environments
tailored to cognitive and emational needs. However, the effectiveness of such environments depends on factors such as
graphical fidelity, sensory realism, and the subjective experience of presence, which determines the extent to which users
perceive virtual environments as psychologically meaningful spaces (6, 7).

Furthermore, cognitive load theory highlights the importance of environmental structure in regulating mental effort and
attentional efficiency. Poorly designed environments increase extraneous cognitive load, thereby accelerating fatigue and
reducing performance. Conversely, environments characterized by structured complexity and natural patterns can reduce
cognitive load while maintaining engagement. Biophilic environments provide optimal cognitive stimulation by balancing
novelty and predictability, enabling efficient information processing and mental recovery. Given the increasing reliance on
virtual environments for work, understanding how biophilic design principles can be applied within metaverse platforms
represents a critical research priority for improving cognitive health and workplace performance (4, 8).

Despite growing interest in virtual environments and cognitive restoration, empirical evidence regarding the effectiveness
of biophilic architectural design in metaverse environments remains limited. Most existing research has focused on virtual
reality for entertainment or therapeutic applications, rather than workplace cognitive restoration. Therefore, this study aims to
empirically examine the impact of immersive virtual biophilic architecture on mental fatigue reduction and attention restoration
among employees working in hybrid environments, thereby contributing to the emerging interdisciplinary field at the
intersection of environmental psychology, digital architecture, and cognitive ergonomics (5).

Methods and Materials

This study employed a quasi-experimental design using a pretest—posttest control group structure to examine the
effectiveness of virtual biophilic architectural environments in promoting cognitive restoration. The sample consisted of 60
remote employees working in hybrid organizational settings who met predefined inclusion criteria, including regular
engagement in cognitively demanding digital work and familiarity with virtual interfaces. Participants were randomly assigned
to one of three experimental conditions: a fully immersive biophilic virtual environment, a virtual environment with limited
biophilic elements, and a standard virtual office environment without natural features.

Prior to the intervention, all participants completed a cognitively demanding task designed to induce mental fatigue. This
fatigue induction phase ensured that baseline levels of cognitive depletion were comparable across groups. Following fatigue
induction, participants were exposed to their assigned virtual environment for a standardized duration using immersive virtual
reality technology. The fully immersive biophilic environment incorporated dynamic natural features such as moving water,
ambient natural sounds, and adaptive lighting conditions. The limited biophilic environment included static natural elements
without dynamic or multisensory integration, while the control environment consisted of a conventional digital workspace
without natural features.

Cognitive performance and mental fatigue were assessed using objective and subjective measures. The Attention Network
Test (ANT) was used to evaluate attentional control, including executive attention, orienting, and alerting networks. Mental
fatigue was measured using a validated self-report fatigue scale. Data were analyzed using statistical software to evaluate
differences between groups, with inferential analyses including analysis of variance (ANOVA), paired comparisons, and
covariance analysis to isolate the effects of environmental exposure on cognitive restoration.

Findings
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The results demonstrated significant differences in cognitive restoration and mental fatigue reduction across the three
experimental conditions. Participants exposed to the fully immersive biophilic virtual environment exhibited the greatest
reduction in mental fatigue, with fatigue scores decreasing by approximately 50 percent following the intervention. In contrast,
participants exposed to the limited biophilic environment experienced moderate reductions in fatigue, while the control group
showed minimal improvement. These findings indicate that the presence of immersive biophilic features substantially enhances
cognitive recovery beyond the effects of rest alone.

Performance on the Attention Network Test also improved significantly in the fully immersive biophilic environment.
Reaction times associated with executive control decreased substantially, indicating enhanced attentional efficiency and
improved cognitive processing speed. Participants in the limited biophilic condition showed moderate improvements, whereas
the control group demonstrated no statistically significant changes. These results suggest that immersive virtual biophilic
environments facilitate restoration of directed attention, enabling individuals to perform cognitively demanding tasks more
efficiently following exposure.

Error rates during cognitive testing were also significantly lower among participants exposed to the immersive biophilic
environment compared to other groups. Reduced error frequency indicates improved cognitive clarity, sustained attention, and
reduced mental interference. The statistical analysis confirmed that the observed differences between groups were highly
significant, demonstrating that environmental design was the primary factor influencing cognitive restoration outcomes.
Overall, the findings provide strong empirical evidence that immersive biophilic virtual environments significantly enhance
cognitive recovery and attentional functioning.

Discussion and Conclusion

The findings of this study provide compelling evidence that virtual biophilic architecture in metaverse environments can
serve as an effective cognitive restorative intervention for individuals working in hybrid digital settings. The significant
reductions in mental fatigue and improvements in attentional performance observed in the immersive biophilic condition
support theoretical predictions derived from Attention Restoration Theory, which posits that environments incorporating
natural features facilitate cognitive recovery. These findings demonstrate that virtual environments can replicate key restorative
properties of natural settings when designed with sufficient realism, sensory richness, and immersion.

One of the most important contributions of this study is the identification of dynamic environmental features, such as motion,
sound, and adaptive lighting, as critical determinants of cognitive restoration effectiveness. Static representations of nature
were less effective than immersive environments incorporating multisensory stimulation. This suggests that the psychological
impact of virtual environments depends not only on visual representation but also on the integration of interactive and dynamic
elements that enhance presence and experiential authenticity.

The observed improvements in executive attention and reduced cognitive error rates highlight the potential practical
applications of virtual biophilic environments in workplace settings. Cognitive fatigue is a major barrier to sustained
productivity, particularly in knowledge-intensive occupations requiring continuous attentional engagement. Providing access
to restorative virtual environments may help employees recover cognitive resources more efficiently, thereby improving
performance, reducing burnout, and enhancing overall well-being.

Furthermore, the metaverse offers unique opportunities for personalized cognitive restoration, allowing environments to be
tailored to individual psychological preferences and needs. Unlike physical environments, virtual spaces can be optimized

without material constraints, enabling organizations to implement scalable and cost-effective restorative interventions. This



1FeF Sl

. & ‘ y gw 0999
Glosgiesr il i

capability has important implications for the future of workplace design, particularly as digital work environments continue to
expand.

Despite its contributions, this study highlights the need for further research on long-term exposure effects, individual
differences in responsiveness to virtual environments, and the integration of restorative environments into routine work
practices. Future research should explore the interaction between environmental design, psychological factors, and
neurophysiological responses to better understand the mechanisms underlying virtual cognitive restoration.

In conclusion, this study demonstrates that immersive virtual biophilic architecture represents a promising and effective
strategy for reducing mental fatigue and restoring attentional capacity in hybrid work environments. By integrating principles
of environmental psychology, cognitive science, and digital architecture, metaverse environments can be designed to support
not only functional work performance but also cognitive health and psychological well-being. These findings underscore the
importance of intentional virtual environment design and establish a foundation for the development of cognitively restorative

digital workspaces in the evolving landscape of hybrid and virtual work.
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