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ARTICLE INFO ABSTRACT
Keywords: Nowadays, investigating the impact of Biophilic Design (BD) on human health, well-being, and
Biophilic design cognitive performance is at the forefront of concern in academia, particularly in the context of
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creating sustainable and comfortable buildings by fostering a deeper connection to nature. In
parallel, the advancement and accessibility of Virtual Reality (VR) have facilitated the rise of
immersive studies on BD, offering advantages in terms of flexibility, cost-effectiveness, and
control over independent variables. However, despite the body of research is growing, it remains
fragmented, with heterogenous design of experiments and methods across studies, particularly
concerning the outcomes of BD impact on human dimension. This is due to the novelty of these
topics which did not allow the systematical synthetisation of the potential benefits of VR-BD
applications. As a result, the present paper addresses the need to consolidate an emerging and
under-investigated field, offering a systematic and comprehensive overview of the current liter-
ature to advance research application. In particular, the review focuses on the applications, po-
tentials, and constraints of the use of Immersive Virtual Reality to investigate the impact of indoor
Biophilic Design on occupants’ dimension, in terms of environment perception, physiological and
psychological indicators and cognitive functions. Although the first literature dates back to 2015
and most of it is concentrated in the last 5 years, enough information has been gathered to
provide a systematic review of the methods used and the main results collected, which can serve
as a guideline for future research on this emerging topic. The systematic review, based on the
PRISMA method, provides a clear picture of the methodological design of the studies (e.g., VR
technology and software employed, participants sample size, exposure time, ecological validity
methods), on the considered independent variables (i.e., the BD patterns); and on collected
dependent variables, related to perception domains (i.e., acoustic, visual and thermal perception,
perceived restoration), physiological parameters, psychological and cognitive aspects. The review
then reports and analyses the main outcomes from the research in terms of the impact of indoor
biophilic strategies on dependent variables, outlining a rather fragmented picture and only
partially supporting the theories of BD. Finally, the review presents the main shortcomings and
limitations in the design and documentation of the reviewed studies, as well as potential future
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research developments, especially based on the exploitation of advantages of VR technologies in
terms of a great number of randomized and multi-domain scenarios to be tested.

Abbreviations

ART Attention Restoration Theory IVE Immersive Virtual Environment

ASE Affective and Spatial Experience MAS Momentary affective state

BD Biophilic Design PANAS Positive and Negative affect scale
BIDI Biophilic Interior Design Index POMS Profile of Mood States

BP Blood Pressure PRS Perceived Restorativeness Scale

CAVE Cave Automatic Virtual Environment ROS Restorative Outcome Scale

EDA Electrodermal activity SAM Self-assessment manikin questionnaire
EEG Electroencephalography SC Skin Conductance

GUI Graphical User Interface ST Skin Temperature

HIRS Hospital Indoor Restoration Scale STAIL State-Trait Anxiety Inventory

HMD Head Mounted Display SRT Stress Reduction Theory

HR Heart rate SSQ Simulator Sickness Questionnaire
HRV Heart rate variability VAS Visual Analogue Scale

IBE Immersive Biophilic Environment VR Virtual Reality

IPQ Igroup Presence Questionnaire ZIPERS Zuckerman Inventory of Personal Reactions

1. Introduction
1.1. Biophilic design: concept, patterns and theories

In contemporary societies, the quality of the indoor environment has emerged as a crucial determinant of overall well-being [1,2].
With the ongoing increase in the average time spent indoors [3,4], understanding and enhancing the indoor environment have become
imperative for fostering occupant comfort, work-efficiency, and health.

Biophilic Design (BD) is a conceptual framework rooted in the idea of reconnecting individuals with nature within the indoor
environment [5-7]. BD recognizes the inherent human need for a connection with the natural world and seeks to integrate natural
structures into indoor spaces. Incorporation of Biophilia into the built environment is possible through a rich diversity of strategies,
and for this reason, BD can be organized into three main categories, which include further biophilic design patterns (Table 1),
described as follows [8]: “Nature in the Space” focuses on the direct and physical presence of nature in space; “Natural Analogues”
refers to organic, non-living and indirect evocations of nature and encompasses three patterns of biophilic design; “Nature of the
Space” addresses spatial configurations in nature and encompasses four biophilic design patterns.

Patterns of each category can be individually integrated into the indoor environment or combined to create a diverse range of
biophilic design strategies. Nature has been primarily linked to positive effects on individuals through the well-known Attention
Restoration Theory (ART) by Kaplan [9,10] and Stress Reduction Theory (SRT) by Ulrich [11]. The ART suggests that spending time in
nature or environments with natural elements can restore mental fatigue and improve cognitive function. Natural settings, charac-
terized by elements like greenery, water, and open spaces, promote involuntary attention, allowing individuals to recover from the

Table 1
14 Patterns of Biophilic Design defined by Terrapin Bright Green [8].

Patterns of Biophilic Design Description

Nature in the Space

1. Visual Connection A view to elements of nature

2. Non-Visual Connection Natural sound, touch, smell or taste stimuli

3. Non-Rhythmic Sensory Stimuli Stochastic and ephemeral connections with nature

4. Thermal & Airflow Variability Natural fluctuation in air temperature, relative humidity, airflow
5. Presence of Water Enhancing a place through seeing, hearing, or touching water
6. Dynamic & Diffuse Light Light and shadow variations resembling natural conditions

7. Connection with Natural Systems Awareness of seasonal and temporal natural processes
Natural Analogues

8. Biomorphic Forms & Patterns Symbolic references to natural contours, patterns, textures

9. Material Connection Materials and elements from nature

10. Complexity & Order Sensory richness that adheres spatial natural hierarchy

Nature of the Space

11. Prospect An unobstructed view over a distance

12. Refuge A place for protection and withdrawal from environmental conditions

13. Mystery Entice the individual to travel deeper into the environment through partially obscured views or other sensory devices
14. Risk/Peril An identifiable threat coupled with a reliable safeguard
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mental fatigue associated with directed attention. Similarly, the SRT is another concept related to the influence of nature on
well-being, particularly in the context of environmental psychology. The theory suggests that natural environments can help reduce
stress and lead to a state of physiological and psychological restoration, identifying the natural elements as the responsible activators of
our nervous, cardiovascular, and neuroendocrine systems. As a result, those theories have guided biophilic research determining the
aspects and benefits for individuals to be investigated as dependent variables within studies (i.e., physiological, psychological,
perceptual, cognitive). Also based on these theories, five main literature reviews extensively report BD benefits for occupants [7,12]
especially in specific contexts, such as university buildings [13], healthcare facilities [14], and office environments [15].

1.2. Virtual reality for BD research

The above-mentioned research is mainly carried out in “physical” spaces, such as climatic chambers, test or real rooms, and living
labs, integrated with natural elements, specific architectural designs or audio reproduction settings. However, this kind of investi-
gation implies the need for expensive changes to the layout of the test environment, especially when multiple biophilic patterns are
compared. In other studies, participants are exposed to biophilic environments represented in photos or videos, with the risk that
people express a preference for a particular biophilic attribute that does not align with their actual perceptions when immersed in a
realistic context.

To overcome these problems, BD research can be conducted in Virtual Reality (VR). VR has the ability to streamline the design
process [16] by empowering researchers and professionals to integrate the «<human dimension» from the initial design phases, enabling
the measurement of end-user behaviour with real-time feedback collection. Numerous studies have showcased the substantial po-
tential of this technology in replicating real-world settings (e.g., Refs. [17-22]), ensuring a heightened level of “ecological validity”
(the ability of virtual environments to adequately represent real settings). Indeed, VR technology is a cost-effective and flexible so-
lution enabling the creation of immersive, realistic, and multi-sensory simulated spaces to collect complex data, breaking free from the
constraints of laboratory-based studies [19,23-25]. VR experiences in research settings designed for total immersion can be designed
and offer an excellent opportunity to study individuals’ responses. As a result, VR is emerging as a valid alternative for evaluating built
environments due to the ability to easily control selected variables, especially the visual dimension, and analyse cause-effect
relationships.

The advantages and potential of VR in supporting building occupant-centric design and research are strongly related to its defi-
nition. Indeed, VR has been defined as a technology that uses computers, software, and peripheral hardware to generate a simulated
environment for its users allowing them to interact and have a sense of being present in a virtual environment different from the one
they are actually [26]. This definition poses that several VR technologies exist which can be categorized by their level of immersion.
«Immersion » indicates the «state in which a participant becomes attracted and involved in a virtual space of an activity to an extent
that his or her mind is separated from the physical space he or she is being active in» [27,28]. The level of immersion is a multifaceted
concept. It strictly depends on technological requirements (i.e., hardware, software [29]), sensory engagement capable of enhancing
the users’ presence (i.e., sight, sound, touch, smell, taste), psychological sense of being present within the virtual environment,
interactivity between the user and the virtual word, realism in terms of fidelity and details of the virtual word, isolation from the
surrounding Real Environment [28]. Consequently, the more senses engaged in a realistic way, the higher the virtual environment is
perceived as an actual place, the higher the levels of interactivity, the highly detailed and realistic the virtual environments are, the
more the virtual devices exclude the Real Environment and replace it entirely with a virtual one, the greater will be the sense of
immersion [30-33]. As a result, the following taxonomy that ranges from low to high levels of immersion can be highlighted [26,34]:

“Non-Immersive VR Systems” provide a basic virtual experience with a low level of immersion to users who interact with a 3D
environment through a standard computer monitor.

- “Semi-Immersive VR Systems” use large screens, such as CAVE (Cave Automatic Virtual Environment) or projection-based
systems, to display a virtual environment. The level of immersion is medium because the users have only limited spatial inter-
action and are not fully included in the virtual environment.

“Fully Immersive VR Systems” provide a very high level of immersion to users through Head-Mounted Displays (HMDs) or VR
headsets which completely exclude the real environment and experience a 1:1 scale virtual environment. These systems are in-
tegrated with motion tracking and controllers to achieve and enhanced presence and interaction.

Among fully immersive virtual technologies, Immersive Virtual Environments (IVEs) provide the highest level of immersion and
user interaction. IVEs are extremely versatile. This is especially true considering the easy and effective way of manipulating the visual
dimension to create virtual elements and also integrating the acoustical domain.

1.3. Literature gap and review aim

Thanks to VR capacity of immersing users in the virtual environment and isolating them from the outside real world (Real Envi-
ronment), IVEs have a great potential for conducting biophilic research studies. It is possible to implement several biophilic patterns
from both a visual and acoustical point of view by simply leveraging the audiovisual characteristics and elements of IVE devices. That
is why, in recent years, the intersection between Biophilic Design, Virtual Reality and the human dimension has become a hot research
topic, leading to an increasing number of papers. However, current available investigations appear fragmented in terms of metrics and
methods, resulting in a body of knowledge with limited impact on BD practice. This overview pinpoints the need to follow the
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emerging research flow by reviewing, reporting and systematizing methods, results, potentials and limitations of current literature
employing VR to investigate BD strategies, to support researchers in enhancing this multidisciplinary research topic and to further
sustain evidence-based practices in indoor building design.

To the best of the authors’ knowledge, only 2 literature reviews on the subject exist. The first one [27] is focused on 36 studies from
2006 to 2020, which used VR (non-immersive and immersive) to evaluate the effectiveness of virtual natural environments and
settings in various domains. Nevertheless, this review includes only 7 papers addressing the biophilic indoor environment, being
mainly focused on the effects of biophilic outdoor environments, urban green spaces, streetscapes, and wild nature. Furthermore, this
work is limited in time, considering the high number of works on indoor biophilic design in the last 4 years (as highlighted in Section
3.1). The second one [35] entails research conducted both in real-world and VR settings, in order to assess the effects of exposure to
natural environments on physiological outcomes related to stress. Hence it does not address BD indoors.

The present work then strives to address this literature gap, aiming at comprehending the existing knowledge on the applications,
potentials, future directions and constraints of immersive VR to support indoor Biophilic Design research on building occupants’
dimension. In particular, this review focuses on works where IVEs provide different types of visual or acoustic stimuli related to indoor
biophilic patterns experimentally manipulated and controlled by researchers, and where participants subjects immersed in the IVEs
perform cognitive tests and subjective evaluations of their perception and emotions. The field of study concerns indoor immersive
applications of Biophilic Design (Immersive Biophilic Environments, IBEs) in specific settings, i.e. residences, schools, workplaces and
hospitals, where the literature is more widespread, and the application of BD has the greatest potential impact. In addition, only studies
adopting fully immersive VR technologies are included in this review, given their higher sense of presence and realism offered to the
participants.

In detail, the review objectives are to: a) classify the widespread experimental settings and methods of VR-based literature
examining the impact of nature indoor; b) illustrate the main results on the impact of biophilic strategies on cognitive functions,
perception of the environment, physiological and psychological wellbeing, in relation to different scenarios investigated in IVEs; c)
provide an overview of the literature status also identifying limitations and future research directions within this domain.

The paper is then organized as follows: Section 2 defines the methodology adopted to carry out the literature review, and Section 3
conducts a thorough review of VR applications within the BD domain. In particular, Section 3.1 presents the research trends, Section
3.2 focuses on biophilic patterns investigated and on the experimental design and technologies adopted by the selected studies to carry
out experiments, Section 3.3 delves into the different methods used by researchers to collect dependent variables related to the
environment perception, the physiological and psychological indicators and the cognitive functions, while Section 3.4 presents the
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outcomes in terms of the BD impacts on the dependent variables demonstrated by the examined literature. Finally, Section 4 presents
key observations and discuss future directions for biophilic research using IVEs, and the conclusions are in Section 5.

2. Review method based on PRISMA workflow

The chosen methodology for this study is the systematic review, a widely used and efficient approach that ensures transparency and
replicability of the process of reviewing, summarising, evaluating, and communicating existing scientific evidence within a specific
subject area [36]. In conducting this review, the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
method was adopted [37,38]. It involved four phases, as explained in the following subsections: (1) identification of records through
database searching and other sources; (2) screening of records to select the relevant literature; (3) evaluation of the eligibility of
full-text articles based on specific criteria; (4) inclusion of studies in the review. Fig. 1 illustrates the flowchart of the review process.

2.1. Identification and screening steps

As a first step of the review process, a primary search using advanced search features of “Science Direct”, “Scopus”, “Web of
Science”, “PubMed”, and “JSTOR” databases was conducted in October 2023 and updated in January 2024. “Google Scholar” was
excluded due to inconsistent indexing and limited search options, which could affect the reliability of the review [39]. To be included
in the present review, articles needed to be exclusively focused on fully immersive Virtual Reality models representing indoor spaces
referred to residences, schools, workplaces and hospitals, used to evaluate the impact of Biophilic Design strategies on building oc-
cupants. No temporal restriction has been established on publication year, in order to enable comprehensive examination of all
relevant studies published in the English language. Thus, three sets of keywords, internally joined by the OR operator and connected
with the AND operator, were considered, and reported in full in Table 2:

- The first set included keywords referring to the use of Virtual Reality for conducting the experiments. Immersive Virtual Environ-
ments were exclusively considered for the present review because they provide the highest level of immersion among virtual
technologies. Unlike non-immersive and semi-immersive VR systems, Augmented Reality, and Mixed Reality, which offer varying
degrees of immersion from low to medium by enhancing real or combining real and virtual elements, IVE fully immerses users in a
1:1 scaled environment and allows for an effective and easy control of the visual variable, making those environments the most
suitable approach for the BD research objectives [19,23].

The second set concerned the indoor built environments as the place settings of the experimental activities, and it was deliberately
kept general to avoid excluding studies that solely focus on experimenting generic indoor spaces, such as empty rooms without
furniture or objects other than biophilic elements, without mentioning a particular type of building.

The third set covered the Patterns of Biophilic Design defined by Terrapin [8] and summarised in Table 1. Words belonging to
patterns « Presence of Water», «Connection with Natural Systems», «Refuge, «Mystery and «Risk/Peril» were excluded from the
search terms list, as they were not considered relevant to the objective of the review as for indoor space design.

The selected search query returned a total of 224 articles. The review considered 11 additional papers whose identification was not
covered by the above-mentioned query and discovered through alternative sources (snowball search). In particular, these were ob-
tained by a backwards and forward search of cited or citing articles, deeming them as potentially relevant despite not being identified
through the systematic review process. An additional record (Ref. [40]) was identified by the authors’ collective knowledge. Finally, a
total of 235 studies were derived during the Identification phase. Throughout the second step of the review process (Screening phase)
11 duplicates and 96 conference proceedings, review articles and book chapters were filtered. This step then allowed the exclusion of
107 documents, leaving 128 research articles for the next phase. Finally, titles and abstracts of the selected articles were then scanned
by two authors to address potential bias in the process related to a unilateral decision by a single-author decision, thus excluding 81
articles [41].

Table 2
List of concepts, term combinations and condition involved in the search process.
Concept Combination of search terms and condition
Use of Virtual reality virtual reality OR immersive virtual environment
AND
Place settings indoor environment
AND
Patterns of Biophilic biophilic design OR biophilia OR green wall OR potted plants OR indoor plants OR nature view OR nature sound OR greenery OR non-
Design rhythmic sensory OR thermal variability OR airflow variability OR dynamic light OR diffuse light OR biomorphic forms OR wood OR
natural material OR complexity and order OR prospect
Time period no initial time restriction - January 2024
Language English
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The Eligibility phase aimed at identifying the documents with the highest potential for the objectives of the present review. Based
on the full text content, articles have been excluded from this review when they met the following criteria:

Sub-topic

Sub-paragraph
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Fig. 2. Structure of the analysis of the articles covered by this review.
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- Studies employing non-immersive or semi-immersive virtual environments (e.g., photo or screen-based stimuli);

- Papers unrelated to cognitive, perceptual, physiological, or psychological pathways;

- Inappropriate environments (e.g., outdoor) and building typologies (e.g., hotels, religious places, shops or commercial buildings);
- Experimental activities lacking biophilic patterns.

At the end of this phase, a total of 47 articles were gathered. Finally, a thorough evaluation of the full texts of these articles (In-
clusion phase), incorporating the previously established exclusion criteria, resulted in the selection of 31 articles for a meticulous
analysis of the state-of-the-art related to the objectives of the review (see Appendix A containing the finalized literature).

2.3. Data extraction process

The process of data extraction was conducted using Microsoft Excel, with one team member performing the initial extraction and a
second member subsequently verifying the accuracy and completeness of the extracted data.

The Tables in Appendix A summarise the main information related to investigated studies in terms of methodology design and
dependent variables data collection, analysed and discussed respectively in Sections 3.2 and 3.3. In particular, the following synthetic
data on the methodology design has been extracted and tabulated in Table A. 1: year of publication, VR technology employed; indoor
comfort domain of the study (i.e., single-domain, multi-domain, or crossed effect); experimental design (i.e., within or between-
subjects); participants sample size; exposure time to a virtual scenario; indoor space typology (i.e., working, residential, school,
hospital); independent variables (i.e., biophilic pattern: Nature in the space, Natural analogues, Nature of the space); IBE validation
against real or 2D settings; data collected to establish the “ecological validity” of the VR models (i.e., sense of immersion and presence,
Cybersickness).

In addition, the following information on methods for collection of dependent variables were extracted and tabulated in Table A. 2:
perceptions domain investigated (i.e., acoustic, visual and thermal perception, perceived restoration); physiological parameters
measured; psychological aspects investigated; methods to evaluate cognitive performance and load. Finally, the main outcomes from
the research in terms of the impact of biophilic strategies on dependent variables are reported and analysed in Section 3.4.

3. Results

This section reports the results of the literature review to provide a comprehensive picture of the research done on BD through IVE.
Despite the number of available articles is not very extended, they are highly diversified in terms of dependent variables investigated,
methods used, and outcomes drawn. This section then aims, on one side, to find a synthesis of the main outcomes and concepts, and, on

a) Studies per Year b) Studies per Journal
10 Ain Shams Engineering Journal M 1
9 Automation in Construction 1

8 Building and Environment  EEE—_ _ ____—_— | 3
Design Computing and Cognition’22 M 1
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International Journal of Environmental .

4 Research and Public Health

Journal of Building Engineering M 1

Journal of Cleaner Production M 1

2 Journal of Eml')ifonmenlal [——
sychology
1 Scientific Reports Ml 1

Sustainability 1
2015 2016 2017 2018 2019 2020 2021 2022 2023 2024" Urban Forestry & Urban Greening M |
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China E— 5
Singapore HEE 2
Germany W 2
Italy m
Belgium
Egypt
Australia
Switzerland

United Kingdom

Fig. 3. Number of studies on virtual IBEs per year between 2023 and *January 2024 (a), per journals (b), and per countries (c).
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the other one, to provide a comprehensive and detailed overview of the research done on the topic, by easily tracking the specific
methods and results of each study.

In particular, the reader can eventually navigate between the general research trends (Section 3.1); the studies characteristics
(Section 3.2) in terms of investigated biophilic patterns (Section 3.2.1), the tools used to create virtual environments (Section 3.2.2)
and the experimental designs (Section 3.2.3); the types of dependent variables (i.e., object of judgement) and the methods of inves-
tigation within the virtual experience (Section 3.3) and the outcomes in terms of recorded influence of biophilic interventions on the
dependent variables previously identified (Section 3.4) (Fig. 2).

The organization of the core paragraphs 3.3 and 3.4 follows the same structure, based on the retrieved four areas of investigation:
perceptions of the environment, physiological parameters, psychological parameters, and cognitive functions.

3.1. Research trends

The reviewed articles are presented in this paragraph highlighting the overall research trends in terms of publication date, scientific
sector, and geographical distribution.

Firstly, as shown in Fig. 3a, the whole sample of documents was published between 2015 and 2024 (part year), and mostly (n = 22,
71 %) concentrated in the last four years (2021-2024), pinpointing the emerging interest in BD research through VR. Indeed, this
research field is relatively new because the possibility of creating highly accurate, realistic and effective virtual environments relates to
recent technological advancements in hardware, software, and wireless tracking technology [42]. In particular, the improvement of
computing speed and processing power have enabled the creation of more complex and realistic renderings, suitable to properly
simulate varying intensities of natural light and shadow that often occur in biophilic environments. Moreover, advancements in al-
gorithms for texture mapping allow to virtually simulate texture of natural materials with high fidelity.

Secondly, the disciplinary fields of journals where the reviewed studies are published are dominantly architecture and engineering,
with a small portion that instead belongs to the psychological and social sciences sectors (Fig. 3b).

Thirdly, Fig. 3c shows the geographical distribution of papers in this topic, with research efforts mostly concentrated in countries
like the South Corea (n = 9, 29 %), United States (n = 7, 23 %) and China (n = 5, 16 %). A limited geographical representation can be
acknowledged. A possible explanation relies on the fact that academic interest in Biophilic Design is particularly relevant to highly
urbanized countries where individuals spend a significant amount of time indoors in living and working settings. In these environ-
ments, there is a growing need to reconnect with nature to enhance individuals’ health, well-being and productivity, which makes BD a
cutting-edge topic for researchers. In those countries, the high levels of urbanization, the need for human-nature connection and
greater access to effective virtual infrastructure enhance the interest in Biophilic Design and Virtual Reality intersection leading to a
predominance of research activities on this topic. For instance, the significant scientific research contribution produced in China is
growing accordingly with their strong adoption of advanced technology in construction disciplines as a driver of economic growth
[43]. This attitude leads to emerging areas, such as BD in VR, developing technological innovation and progress in the field.

3.2. Studies characteristics

This section illustrates the methodological features of the reviewed papers in terms of investigated biophilic patterns, of tools and
approaches used to create the virtual settings, and of experimental design of the studies, in order to identify the most recurring
methodological directions.

3.2.1. Biophilic design patterns
Fig. 4 represents the percentage distribution of the biophilic patterns investigated in the papers, according to the distinction into

Natural in the space (tot = 25/31)

Visual Non-visual Thermal & Light Non-Rhythmic
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Fig. 4. Biophilic pattern investigated by the selected papers.
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the 3 main categories: Nature in the Space, Natural Analogues, and Nature of the Space.

Concerning the “Nature in the Space”, the most considered biophilic pattern is “Visual Connection with Nature” (81 % of the
studies), due to the principal capability of IVEs to reproduce highly detailed visual scenarios. Researchers focused on visual elements
such as view of greenery and sky through windows [44-57], potted plants [44,45,56,58-60] or green walls [45,50,56,61-66] because
these elements are easy to simulate in virtual contexts. Conversely, “Non-Visual Connection with Nature” (3 studies, 10 %) was less
investigated and often in addition to the visual setting. The possibilities of modern VR allow for example an audiovisual experience, but
to obtain a realistic audio stimulus this must include heads movement as we do in real life to explore the environment. Obtaining a
dynamic virtual acoustic environment is particularly difficult that requires the reproduction of a 3D soundscape. Despite these
challenges, some studies have attempted to enrich the virtual experience by incorporating sounds or even scents: Shin et al. [52] added
birdsongs and wet soil smells to an open window visual scenario, Mahrous et al. [59] reproduce water sounds through the VR headset,
while Latini et al. [74] combined the visual connection with nature with birdsong recordings. None of the reported studies investigated
the “Non-Rhythmic Sensory Stimuli”. Considering the “Thermal & Airflow Variability” category, only one study investigated the
impact of a low-speed fan to simulate natural ventilation [59]. Finally, the “Dynamic & Diffuse Light category” was investigated by 7
studies (23 %), where the independent variable was the presence or absence of natural daylight through the windows in IVE [45,56,59,
67,68]. Additionally, Sharam et al. [51] introduced a scenario that contained a window with shutters, which allowed for daylight
infiltration while blocking the view of nature, while Chamilothori et al. [49] investigated the impact of a clear sky with high or low sun
angle versus an overcast sky.

Regarding the “Natural Analogues”, most cases investigated the “Material Connection with Nature” (23 %), focusing on the use of
wooden floors, walls, columns, beams or ceilings [44,50,59,69,70]1, or other unspecified natural materials [45,56]. “Biomorphic Forms
& Patterns” were reproduced by Yin et al. [45,56] in furniture design, by Kim et al. [S0] employing a wavy patterned ceiling, and by
Tawil et al. [71] with curved contour conditions in indoor living rooms. The “Complexity & Order” pattern has been investigated by
three papers. Chamilothori et al. [49] studied the complexity of a fagade pattern variation with small, irregularly distributed openings,
Renterghem et al. [53] assessed the combination of different trees and greenery species richness, while Tan et al. [72] identified the
influence of fractal diffusion structures on visual preferences.

Concerning “Nature of the Space”, the “Prospect pattern”, that is the only one considered in this review for this category, was
evaluated by more than half of the reviewed scientific articles (19 studies, 61 %), by providing outdoor views through windows in the
IBE. In particular, seven studies compared settings with and without windows [44-46,51,52,59,68], three studies investigated the
effects of different amounts or quality levels of outdoor views through a window [49,53,54], two studies created a virtual environment

Table 3
Software and Hardware used in the selected papers. M = virtual modelled experience, R = virtual recorded experience.
Ref. Year Virtual Software used for 3D modelling Software used for VR scene implementation
experience Rhinoceros  Revit  SketchUp  Cinema 3ds Unity  Unreal Twinmotion V- Other
4D Max Engine Ray
[68] 2015 M . . .
[44] 2018 R
[56] 2019 M . .
[75] 2019 M . . .
[57] 2019 M . . .
[45] 2020 M . .
[77] 2020 M
[47] 2020 R
[48] 2020 M . .
[61] 2021 M . .
[71] 2021 M . .
[62] 2021 M . .
[63] 2021 M .
[49] 2022 M .
[64] 2022 M . .
[78] 2022 M .
[51] 2022 M . .
[65] 2022 M .
[40] 2022 R
[54] 2022 R
[58] 2023 M .
[69] 2023 M . .
[79] 2023 M
[53] 2023 M . . .
[60] 2023 M
[74] 2023 M . . .
[66] 2023 M . .
[67] 2023 M . .
[70] 2023 M . .
[72] 2024 M
[80] 2024 M . .
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with different window size ratios [57,73], finally one work evaluated the impact of viewing location (close, middle, far) on view
perception [47]. However, the Prospect feature does not only include the possibility of viewing from inside to outside, but also the
optimization of indoor vistas. Indeed, some studies investigated spatial features, such as open spaces or the presence/absence of
partitions [56,67,74]. Furthermore, Mihara et al. [60] evaluate the effects of spaciousness (i.e.: room volume and window configu-
ration factor), while Cha et al. [75] assess the spatial perception of ceiling height. Finally, Jung et al. [66] designed an IVE with an
anamorphic illusion feature applied to the wall, allowing the visual experience of an additional prospective space filled with nature.

From the outlined picture, the prevailing interest in visual aspects related to BD is evident, in particular Visual Connection with
Nature and Prospect patterns. This is justified by the full exploitation of the potential of immersive virtual reality, whose advantage is
the ease of use of different visual scenarios.

3.2.2. Virtual reality technologies and software

Among the reviewed studies, employing immersive systems, the clear majority used binocular Head Mounted Displays (HMDs) (28
studies, 90 %), due to the ease of use and affordable cost, combined with an excellent result in terms of realism and sense of presence.
Only three works adopted projection-based immersive systems. In particular, Wong et al. [76] allowed participants to move around
and change their views by interacting with a Cave Automatic Virtual Environment (CAVE) using a joystick controller, while Shin et al.
[52] used a static position for the subject sitting on a chair in a three-sided CAVE. Finally, Tan et al. [72] performed the experiment in a
virtual simulation laboratory with a hemispherical screen.

The combinations of software used by the reviewed papers are reported in Table 3. To design the virtual experience, most of the
reviewed studies digitized the indoor scenes by using software for 3D modelling and rendering then virtualized them by using software
for VR implementation. This type of virtual modelling experience is the most widespread in the papers (27 studies, 87 %), as it allows a
fast manipulation of the indoor environment and an easy control of the design variables. 4 studies did not model the virtual setting and

a) Simulated indoor

setting e) Experimental design
empty room repeated-measure 74%
hospital independent-measure 16%
residence ’
mixed 10%
school
work 55%
f) Number of
participants
b) Compared scenarios >120
baseline vs one
biophilic scenario 54% 100 - 120
baseline vs :
more than one 80 - 100 10%
biophilic scenario
. 60 - 80 13%
no baseline
40 - 60 29%
c) Assessment of the 20 - 40 35%

Ecological Validity
<20

IPQ

self-made
questionnaire .
g) Exposure time for
not assessed 61% each scenario
> 10 min
d) Assessment of 5 _0'miii 5204

Cybersickness

SSQ <5 min

self-made
questionnaire

no time restriction

not assessed 77% not specified

Fig. 5. Number of papers (%) per (a) simulated indoor setting, (b) compared scenarios, (c) assessment of the Ecological Validity, (d) assessment of
Cybersickness disorders, (e) experimental design, (f) sample size, (g) exposure time for each scenario.
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preferred recording the scenes using 360-degree field-of-view photos [47,65] or videos [44,52].

3.2.3. Design of the experiments
Concerning the specific features of the experimental methods adopted in the reviewed IBE studies (summarised in Table A. 1), the
following key remarks arise:

- Simulated indoor settings (see Fig. 5a). The records focused on working environments (55 %, 17 studies [45,47-49,51,54,56-58,
61-63,68,72,74,75,801), schools (19 %, 3 studies in university classrooms [44,50,59] and 4 in common areas [44,46,52,70]),
residential buildings (10 %, 3 studies [53,69,71]) and healthcare facilities (6 %, 2 studies [66,81]). Three additional studies do not
specify the type of environment, experimenting an empty virtual room without furniture or objects other than the biophilic ele-
ments [60,64,65].

Comparison with a “baseline” (see Fig. 5b). The majority of reviewed studies assessed the effect of a given biophilic condition on
occupants based on a comparison with a “baseline”, i.e. a scenario without biophilic stimuli. Among them, 7 studies (23 %)
compared a non-biophilic baseline with just one biophilic scenario [44,58,64,68,71,77,79], while the remaining works (17, 54 %)
compared at least one non-biophilic scenario with different levels or combinations of biophilic features. Nevertheless, other 7
studies (23 %) did not define a baseline condition and performed the evaluation based on the comparison of different quantity and
quality of biophilic conditions [47-49,53,54,57,72].

IBE Validation. An accurate representation of the indoor environment and a fully immersive experience are crucial for obtaining
reliable users’ feedback. The adequacy of VR in replicating physical settings can be obtained by making a preliminary comparison
of collected results between the real and the virtual settings [23]. Most of the reviewed papers did not preliminary perform a
“validation” study comparing results obtained in the IBE and the real counterpart. Only 4 research (13 %) included a validation
study [44,46,57,68]. 2 studies (6 %) intended to validate the IVE by a comparison with a screen-based stimulus [50,74].
Assessment of the “Ecological Validity” of the virtual model (see Fig. 5c). This refers to the ability of the IVE to accurately
recreate real-world experiences. Assessing Immersion and Presence helps determine the degree to which users feel immersed and
present in the virtual world, thus contributing to the overall quality of the user experience and the effectiveness of the IVE
application. The sense of presence develops from the construction of a spatial-functional mental model of the virtual environment
and can be characterized by three main concepts: spatial presence, involvement, and sense of realism [82]. The Ecological Validity
can be assessed by self-reports from participants concerning the sense of presence and immersivity [19]. More than half of the
studies did not provide a measure of the participants’ sense of presence and immersion within IVE (19 studies, 61 %). 29 % of the
reviewed studies used items from the Igroup Presence Questionnaire (IPQ) developed by Schubert et al. [82]. Other studies design
their own questionnaires. Heydarian et al. [68] mixed self-made questions with questions adapted from Witmer et al. [83]. In the
experiment of Renterghem et al. [53], people were only asked to rate the overall realism of the virtual reality experience using a
5-point scale (“not at all realistic”, “little realistic”, “neutral”, “realistic”, “very realistic”). Zeng et al. [67] invited a subset of
participants (N = 42) to conduct a pre-test where they were asked to rate the realism of the virtual scene in comparison with
pictures.

Assessment of Cybersickness disorders (see Fig. 5d). The success of VR applications also depends on the Cybersickness, a form of
motion sickness experienced in VR environments. Assessing Cybersickness helps identify potential causes of discomfort and allows
for the refinement of VR experiences to minimize adverse effects due to motion sickness and eye strain [84]. It can be evaluated by
self-reports from participants [19]. 20 % of the studies used the Simulator Sickness Questionnaire (SSQ) [85], or a similar one
concerning a list of disorders (e.g., eye strain, headache, vertigo) assessed on a Likert scale. More than half of the studies did not
provide a measure of the participants’ Cybersickness symptoms (24 studies, 77 %). Wong et al. [74] asked all the participants to
assess the dizziness level and to express a preference between a traditional approach and the VR-based approach.

- Sensory inputs, comfort domains and cross-effects. In the context of exploring the impact of biophilic interventions, a
distinction is made between studies focusing on a single domain and those examining several comfort domains (“multi-domain”)
and cross-effects induced by multiple independent sensory stimuli. Only 3 studies (10 %) performed an investigation that evaluated
physiological, psychological, cognitive, and perceptual aspects across different domains. Shin et al. [52] explored the restorative
qualities of the visual connection with nature with the addition of biophilic sounds and smells, while in the study of Latini et al.
[86], three visual factors were combined with three acoustic scenarios. In addition, Mahrous et al. [59] measured the students’
level of satisfaction when exposed to many biophilic sensory inputs: visual, acoustic, thermal and airflow. 5 studies (16 %) explored
the cross-effect of multiple sensory dimensions, investigating interactions between domains (e.g., the impact of visual conditions on
thermal perceptions). Sedghikhanshir [64] and Kim [69] evaluated the influence of visual connection with nature on human
thermal perception, while the aim of the study of Renterghem et al. [53] was to explore the effect of greenery views on noise
annoyance. In addition, Jeon et al. [54] investigated the crossed effects of audio-visual attributes on the quality of a virtual
open-plan office environment, and similarly, Mihara et al. [60] evaluated the effects of green coverage ratio and spaciousness on
visual, acoustic, and thermal comfort. The rest of the reviewed studies conducted experiments adopting a single-domain approach
(23 studies, 74 %).

Experimental design (see Fig. 5e). Over 74 % of reviewed studies used a repeated-measure design, with the remainder an
independent-measure design [45,52,65,66,74], except for 3 articles that used a mixed design: that of Zeng et al. [67], where each
participant experienced three different VR scenarios out of nine, that of Chamilothori et al. [49], where the design consisted of
between-subjects factors (sky type and social/working context) and a within-subjects design was employed to evaluate six facade
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geometry variations, and that of Latini et al. [86], which employed three between-participants levels of visual stimuli and three
within-participants levels of acoustic factors.

Size of participants’ samples (see Fig. 5f). In the analysed papers, it frequently turned out to be smaller than the initially recruited
sample size. This discrepancy can be attributed to the exclusion criteria of each study. More than half of the studies (65 %) con-
ducted experiments with a sample size of 20-60 participants, while the smallest sample size was 15 participants [63] and the largest
sample size was 256 [49] (combination of an experiment conducted in Switzerland (118 participants) and on in Greece (138
participants)).

Duration of exposure time in the IVE (see Fig. 5g). It significantly varied across experiments (Fig. 5), with a prevailing 5-10 min
exposure time noted in 52 % of the articles, given a minimum of 30 s [50] and a maximum of 20 min [63]. Furthermore, 4 works
decided not to limit the exposure time [49,54,70,74]. Finally, two articles (6 %) did not specify the exposure time for each virtual
scenario [51,68].

IEQ in the study room. Studies largely excluded information identifying the real environmental conditions of the room/building
where the experiment was conducted (16 studies, 52 %). Only 15 articles monitored IEQ parameters and reported the indoor
environmental conditions of the VR lab, such as temperatures (42 %), relative humidity (35 %), light intensity (19 %), air velocity
(6 %) or carbon dioxide (13 %) and PM> 5 concentrations (6 %).

3.3. Rationale and methods for collecting dependent variables

A preliminary analysis was carried out to identify the types of dependent variables investigated in the reviewed studies.

As shown in Fig. 6, occupants’ perceptions were the most investigated (21 studies, 68 %) among the reviewed literature. For this
aspect, a distinction is made between the acoustic, visual and thermal comfort domains, the specific perception of biophilic elements
(e.g., aesthetic rate of the greenery, self-reported connection with nature), and the perceived restoration potential of the environment.
Among these aspects, the least investigated are the acoustic and thermal domains, as well as biophilia perception (3 studies, 10 %).
Several studies evaluated occupants’ psychological aspects, such as emotion and stress (16 studies, 52 %), or collected physiological
parameter measurements (16 studies, 52 %), to validate subjective responses and results with objective data. Finally, cognitive
measurements were the least collected data (14 studies, 45 %), with a distinction between several functions: attention (10 studies, 32
%), memory (8 studies, 26 %), inhibition and flexibility (7 studies, 23 %), creativity (3 studies, 10 %), and comprehension (2 studies, 6
%).

As a result, four categories were highlighted, which structured the sub-paragraphs: perception of the environment (section 3.3.1),
cognitive functions (section 3.3.2), physiological parameters (section 3.3.3), psychological aspects (section 3.3.4). This distinction
reflects the different nature of the dependent variables investigated in reviewed articles. Indeed, it is noteworthy that most of the
studies (74 %) do not focus on a single aspect, but rather consider multiple user responses in parallel, also in an attempt to find a
correlation among them.

In addition, the administration of methods for data collection within the virtual experience are explored in sub-section 3.3.5.

3.3.1. Perceptions of the environment

The human perceptual mechanisms instinctively allow the assessment of the experienced environment depending on its visual,
thermal, acoustic and restorative properties. As a result, perception is fundamental in BD studies because it provides information about
the subjective experience within a space. Participants’ perceptions in response to various IBE scenarios were evaluated through several
well-known subjective questionnaires, or, in some cases, designing specific self-made surveys, in order to detect the following aspects:

Perception of environment (tot=21/31)

Visual Restoration  Biophilia Thermal Acoustic

@ @ (o (% (%

Physiological parameters (tot = 16/31)
HR/HRV EDA/SC BP ST EEG

@ @5% 0 (0% (% Cio%

Psychological aspects (tot = 16/31)

Emotion Stress
@z Q%

Cognitive functions (tot = 14/31)
Attention Memory Inhibition Creativity Comprehension

32% 26% 23% 10% 6%
a d | C (

Fig. 6. Distribution of the investigated aspects among the reviewed studies.
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- Visual and spatial perceptions of the indoor environment. A great number of reviewed articles focused on these topics (10
studies, 32 %), as they are the most immediate factors that impact the occupant. Researchers used satisfaction surveys to investigate
sense of privacy, visual comfort, aesthetic assessment, sense of inner space and openness, reflecting the interest of the studies in
capturing how occupants perceive the organization and spatiality of indoor environments. The Affective and Spatial Experience
(ASE) [71] is the most adopted questionnaire, where, using 11-point numeric scales labelled with opposing descriptive adjectives
on each side, participants provide self-reports on bipolar dimensions, including orderliness and naturalness aspects.

Perception of the biophilic design. It was evaluated by only 3 studies (10 %), where participants were asked to rate their
connection with nature and their preference for biophilic patterns using self-reported scores [44,56] or by assessing the aesthetic
value of greenery [53]. In particular, in the study of Yin et al. [44], a specifically index, named Biophilic Interior Design Index (BIDI),
was developed demonstrating an effort to assess the overall biophilic quality of indoor environment and providing direct feedback
on the effectiveness of biophilic interventions.

Thermal perception. 3 out of the reviewed articles (10 %) focused on this aspect, thus the experiments were conducted in a
climate chamber or in a conditioned room. While Mihara [60] et al. asked participants to rate their thermal comfort using a 5-point
scale (dissatisfied to satisfied), two other studies employed the self-reported votes of thermal sensation, comfort and preference
according to the ASHRAE Standard 55 [64,69], indicating a methodological approach focused on quantifying the thermal
experiences.

Acoustic perception. This topic received limited attention among the reviewed studies (3 studies, 10 %). The questionnaires used
in the studies addressing acoustic perception to understand the impact of greenery views on self-reported noise annoyance [53],
overall acoustic satisfaction [60] or the extent to which various scenarios aligned with semantic expression words related to
hearing (i.e., “loud”, “variable”, and “reverberant™) [54]. The focus on how biophilic views impact the acoustic perceptions sug-
gests an interest in understanding the multi-sensory integration of BD, where visual elements may also influence acoustic expe-
riences, but still remains less investigated.

Perceived restoration potential of the indoor environment. Nearly all studies exploring this topic utilized the Perceived
Restorativeness Scale (PRS) [871, or the Restorative Outcome Scale (ROS) [40]. The PRS is based on ART [10] and it is a subjective
questionnaire commonly used to measure the extent of a restorative environment, together with ROS which has a broader theo-
retical foundation, incorporating elements from both ART and SRT [11]. Specialized versions of the PRS have been created for
specific environments, such as hospitals, known as the Hospital Indoor Restoration Scale (HIRS) [67]. Additionally, some researchers
have developed personalized scoring items by integrating multiple evaluation indicators from the PRS [70] highlighting the need to
adapt these tools to better capture the regenerative qualities of different contexts.

3.3.2. Cognitive functions

According to ART natural elements offer stimuli that capture individuals’ attention effortlessly, allowing mental fatigue restora-
tion. As a result, the capacity for performing cognitive tasks is assumed to be greater in biophilic environments. Cognitive functions are
mainly investigated using quizzes and tests related to several mental abilities, including attention, mental flexibility, comprehension,
creativity, and working memory.

Attention is an indicator of the ability to quickly focus on relevant stimuli within the environment. It has been categorized into two

Table 4
Summary of cognitive test used by reviewed articles.
Cognitive function Cognitive Test Ref.
Attention ° Visual reaction time task [63,89]
° Auditory reaction time test [62]
° Stroop color-word test [63,74,86,89,90]
° Skip counting task [71]
° Continuous performance task [51]
° Simple response time task [51]
° N-back task [51]
° Wisconsin card sorting [59]
° Trail making test [59]
° Identification task [68]
Flexibility ° Category-letter switching task [51]
° Wisconsin card sorting [59]
° Trail making test [59]
° Magnitude-parity test [86]
Working memory ° Backward digit span task [58,891]
° Visual working memory test [46]
° Ospan test [86]
° Auditory backward digit span [54,62]
° Working memory task [63]
° Wisconsin card sorting [59]
° Trail making test [59]
Creativity ° Guilford’s alternative uses test [51,58,90]
Comprehension ° Reading tasks [68,75]
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main components: sustained attention and executive attention. Sustained attention refers to the ability to internally maintain control in
the absence of significant external stimuli. Conversely, executive attention involves the allocation of attentional resources to goal-
directed tasks and the inhibition of irrelevant information [51]. In particular, executive attention implies more specific cognitive
processes such as inhibitory control. Working memory is a cognitive system responsible for the temporary storage and manipulation of
information necessary for complex cognitive tasks, while creativity, is the capacity to generate novel and valuable ideas, providing
insights into divergent thinking abilities [88]. Finally, comprehension is the cognitive process of extracting meaning from information
received through language or reading modalities, involving critical thinking to interpret relationships and integrate information.

Table 4 summarizes the cognitive tests used by the reviewed articles, grouped by the measured cognitive function.

Besides research employing tests to investigate cognitive performance, 3 studies used subjective workload assessment question-
naires to measure the perceived workload experienced by individuals. Yeom et al. [62] employed the NASA-TLX questionnaire to
evaluate mental and physical demand and frustration levels in each experimental scenario. Similarly, Mihara et al. [60] asked par-
ticipants to evaluate on a 5-point scale the level of their concentration, productivity, and motivation. Also, Wong et al. [76] used the
same 5-point scale to examine the impacts of different office design approaches on the participants’ concentration.

3.3.3. Physiological parameters

According to SRT, our innate physiological stabilization due to exposition to nature derives from the facts that humans evolved
from the natural environment in the prehistoric era [11].

Numerous studies have investigated the calming impact of elements associated with biophilia by assessing the physiological re-
sponses of individuals in IVE (16 studies, 52 %). These studies can be generally distinguished depending on the type of physiological
measurements employed. In particular, as shown in Fig. 6, heart rate (HR) and heart rate variability (HRV) were the most collected
data measured by 12 studies (39 %), followed by Electrodermal activity (EDA) or Skin Conductance (SC) with 11 studies (35 %).
Sometimes, such parameters were accompanied by additional physiological measurements like Blood Pressure (BP) (3 studies, 10 %)
or Skin Temperature (ST) (2 studies, 6 %). Furthermore, 5 studies (16 %) assessed neurophysiological responses using Electroen-
cephalography (EEG).

Table 5 outlines the expected trend for each physiological parameter given a stress reduction. Notably, ST is excluded from the table
due to no correlation with stress, as BD studies principally used it as an indicator for analysing the individual’s thermal sensation [64,
69].

3.3.4. Psychological aspects

The term “Biophilia” was first coined in the field of psychology [91] and has then been applied to different disciplines, including
engineering and architecture giving life to BD. The investigation of the psychological response mechanism is therefore a primary aspect
for experiments addressing this topic. Emotional responses to an environment are widely investigated through self-assessment
questionnaires, which can be easily administered also in studies that use VR. In 16 studies, in addition to physiological measures,
subjects were asked to rate their emotional state (42 % of the revied papers) and stress level (19 %) through the following
self-assessment questionnaires, which are widely used in psychology research:

- Emotions. The most used questionnaire was the Positive and Negative affect scale (PANAS) [46,47,51,58,62,66], which includes 10
items that measure positive emotions and moods (e.g., enthusiasm, energy, joy) and another set of 10 items referring to negative
feelings (e.g., sadness, grief, fear), to be rated on a 5-point Likert scale. This dual measurement may be one of the best ways to
account for the overall emotional human balance, helping to identify which combinations of biophilic elements promote most
positive or negative emotions. However, the field of psychology offers a variety of questionnaires different from PANAS to explore
the psychological responses triggered by connections with nature as well. Consequently, the remaining reviewed studies opted for
tools that provide similar but alternative perspectives on how BD influences mood. In 2 other studies [47,60], the mood was
evaluated using the Circumplex model, a psychological framework where emotions are organised in relation to two dimensions:
valence (positive or negative) and arousal (high or low). A similar approach was adopted by Cha et al. [75], who asked questions
about affective responses including six adjectival pairs on semantic-differential scales (e.g., “calm-excited”). Another study used the
Profile of Mood States (POMS) [48], which consists of five negative subfactors (i.e., “depression”, “confusion”, “tension”, “anger”,
and “fatigue™) and one positive subfactor (i.e., “vigour™) to delve into specific momentarily changing emotional states. The use of
Zuckerman Inventory of Personal Reactions (ZIPERS) [58] was also detected, where the subject indicates on a 5-point scale the degree

Table 5

Correlation between physiological parameters and stress. 1/]: increase/decrease during stress reduction.
Physiological parameters Correlation with stress reduction Ref.
HR l [56,60]
HRV-LF/HF 1 [72]
HRV-SDNN ) [72]
HRV-RMSSD 1 [60]
EDA/SC | [44,47,65,67,72]
BP | [56]
EEG alpha 1 [66,78]
EEG beta 1 [66,78]
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to which five items (i.e., “fear”, “positive affect”, “anger/aggression”, “attentiveness/interest”, and “sadness) describes the way he
feels, and the Self-assessment manikin questionnaire (SAM) [67], where the higher the SAM score, the more the participant’s emotion
tends to be positive and associated with high arousal, similar to the Momentary affective state (MAS) [71], assessing different
emotions domains.

Finally, 2 studies created their own self-assessment questionnaire. In particular, Yin et al. [44] used a self-made mood score, while

Li et al. [65] chose three indicators that characterized the level of subjective negative emotions (i.e., “anxiety”, “tension” and
“avoidance”) and employed a self-report scale, which was a modified version of the Visual Analogue Scale (VAS) to assess these
emotions.

Stress. Over 80 % of the articles did not use a stressor to create mental fatigue in subjects in the pre-restoration phase. Conversely, 6
studies used a stressor to investigate the hypothesis that mental recovery from stress and anxiety would be greater after exposure to
biophilic environments, given the basis of SRT [11]. Among these studies, one used emotionally negative evocative photographs
[65], 4 studies required to complete a cognitive test [47,48,60,67], and 1 study employed memory task and arithmetic task in an
untidy office environment with background noises [45].

To measure changes in stress state, 3 studies used the State-Trait Anxiety Inventory (STAL-s) [45,61,66]. This questionnaire evaluates

the temporary and subjective anxiety that can change according to the environment. In 3 other studies [44,47,60] stress recovery was
evaluated using self-reported stress questions.

3.3.5. Test and questionnaires administration

Cognitive tests and self-reporting questionnaires and interviews can be administered after or during the virtual experience, thus

somehow impacting the reliability of the results obtained. Fig. 7 represents the percentage distributions of studies employing the
different administration methods, among the total of studies using cognitive tests (14) and questionnaires (30). In particular, while the
majority of studies (71 %) employ cognitive tests administered within the immersive virtual environment, fewer than a third (27 %) do
so with questionnaires. The following administration methods arise:

Both questionnaires and cognitive tests administered during the virtual session. The reviewed studies employ different
modalities to enable data collection in the IBE. For example, during the experiment of Jeon et al. [54], a survey was conducted in
the form of a Graphical User Interface (GUI) within the VR, and each subject was asked to respond with a controller. In Wong et al.
[74], participants moved around and changed their views by interacting with the virtual office using a joystick controller, and the
cognitive test was presented on a virtual computer screen. In addition, virtual co-workers have been created to present
multiple-choice questions to the participants using a graphical dialogue. To design a seamless transition between the virtual
experience and the questionnaire, Cha et al. [75] used an online survey on a virtual screen, and participants were invited to orally
answer the questions. In other works, participants remained in the immersive environment while the questionnaire was verbally
administered [49,51,64].

Only cognitive tests administered during the virtual session. This approach has been preferred to reduce the immersion time.
In 5 studies [45,48,56,62,68] participants were virtually exposed to an indoor environment where performed a cognitive test in a
virtual desktop, then completed a questionnaire in the real environment.

Conversely, Mostajeran et al. [58] administered two cognitive tasks within VR using pre-recorded audio providing instructions and

asked participants to verbally answer. For the evaluation of the task, a paraphrasing transcription of the answers based on the audio
files was used. Subsequently, participants took off the HMD and filled out a questionnaire.

Similarly, during the VR session, Tawil et al. [71] displayed a cognitive test on a wall-mounted screen in the virtual room, asking

participants to pronounce the results out loud, while answers were manually collected by experimenters. Later, questionnaires

Self-reporting
questionnaires

Cognitive
tests

. in real environment : .
' in VR mixed mode l not specified
after VR exposure

Fig. 7. Percentage distributions of studies employing the different administration methods, among the total of studies administering cognitive tests
(14) and questionnaires (30).
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assessing the affective and spatial experience were administered in a virtual screen, while IPQ and SSQ questionnaires were provided
pre- and post-VR sessions, in the real environment.

3.4. Impact of biophilic strategies on dependent variables

This section aims to present the results obtained by reviewed studies in terms of impact of various indoor biophilic scenarios (i.e.,
stimuli) on for the dependent variables identified in the preliminary analysis reported at the beginning of Section 3.3: perception of the
environment (section 3.4.1), cognitive functions (section 3.4.2), physiological parameters (section 3.4.3), psychological aspects
(section 3.4.4).

3.4.1. Perceptions of the environment
Several studies highlight a positive impact of BD, especially in terms of visual satisfaction and restoration, while the influence of
biophilic strategies on indoor thermal and acoustic perception is less established, as detailed in the following points:

- Visual and spatial perceptions. All the reviewed studies report benefits of BD on this aspect. Chamilothori et al. [49] discovered
that the complexity of the facade geometry has an impact on the visual appraisal of the space (i.e., perceived complexity,
brightness, spaciousness), and found that it positively influenced the reported satisfaction. In the findings of Cha et al. [75],
participants preferred a higher and open ceiling, perceiving it as more spacious and attractive. Additionally, in Jeon et al. [54],
visual satisfaction, visual privacy, and speech privacy showed higher rates in the good view than in the bad view scenarios. Sur-
prisingly, the results of Tawil et al. [71] suggest that the presence of curved furniture and details did not significantly improve
visual and spatial perception despite a visual preference for softer edges typical of natural elements is highlighted from biophilic
theories. Only in terms of perceived privacy, large openings or open spaces could have a negative impact. In two studies [57,73]
participants expressed a significantly higher satisfaction in terms of visual comfort, sense of inner space and openness in scenarios
with higher window-to-wall ratio, even if showed a lower satisfaction in terms of sense of privacy. Wong et al. [76] indicated that
lower partitions in office design gain a lower satisfaction level.

- Perception of the biophilic design. Concerning the evaluation of BD perception, Yin et al. [44] discovered that the room with
natural elements obtained the highest BIDI score and in a second study [56], participants reported a stronger connection with nature
in the natural elements scenario, than in the natural analogues scenario.
Thermal perception. It could be indirectly influenced by the presence of biophilic patterns, however results collected by the
literature to date are quite contrasting. According to Sedghikhanshir et al. [64], participants’ thermal comfort was significantly
better between a virtual room with a green wall and a non-biophilic one, even if the experiment was conducted in a climate
chamber under the same slightly warm condition, while a non-significant difference was observed in terms of thermal sensation and
acceptability. In addition, experiment results conducted by Mihara et al. [60] indicated that there were no differences in thermal
comfort satisfaction among six IVE scenarios with different levels of green coverage ratio and spaciousness. Instead, in the study of
Kim et al. [69], the occupants reported a higher subjective thermal sensation in the wood scenario compared to the non-wood
scenario, with the perception of warmness increasing as the level of wood application rises.
Acoustic perception. Concerning this aspect, the impact of BD is similarly uneven. Studies of Jeon et al. [54] and Renterghem
et al. [53] revealed that high window area ratio or the presence of rich greenery in colours and plant species had positive corre-
lations with sound satisfaction. However, high vegetation density showed statistically significantly higher noise annoyance than
when green quantities were lower [53]. These finding suggests that green quality (i.e., species richness, colourfulness, and
maintenance degree) has a stronger effect on acoustic perception than green quantity, and this evidence is also supported by the
study of Mihara et al. [60] where there were no notable differences in acoustic satisfaction among scenarios with varying levels of
green coverage ratio combined with different room volume and window configurations.
Restoration. It is a frequently reported aspect in occupants’ perceptions, assumed to be present to varying extents in an envi-
ronment with natural connection conditions, as originally formulated by ART [10]. Several studies highlighted the positive in-
fluence of BD on restoration by comparing a biophilic scenario with a non-biophilic one [58,79] or exploiting the possibility of VR
to generate a large set of immersive scenes and find the most restorative condition. For example, Li et al. [70], investigated several
wood rate and wood-application form, proving that the restorative perception of a space implanted with wood structure and wood
enclosure components is stronger than other configurations. The proximity to natural views, like the sky and ground, also played a
positive role, with closer views offering more restorative benefits [47]. Similar results are obtained by Shin et al. [40], which
proved that the presence of a window determines significantly higher scores for ROS and PRS, than a no-window scenario, but
adding natural sounds and smells to an open window did not improve these restorative effects compared to a closed window. Zeng
et al. [67] focused on the restorative evaluation of a healthcare environment, finding that the best restorative design combination
was medium-height side windows and semi-enclosed ward unit partitions. However, Lei et al. [63] found that, even though the
green density was highest in the virtual environment, the restoration response was worse than in real conditions with small
quantities of green coverage.

3.4.2. Cognitive functions

The reviewed studies provide only partial support to the idea that exposure to nature can improve cognitive abilities, especially in
terms of attention, mental flexibility, working memory, creativity, and comprehension, i.e. the functions investigated by specific
cognitive tests used in the reviewed articles, as listed in Table 4 (Section 3.3.2), as follows:
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- Attention. Surprisingly, only the findings of Latini et al. [86] and Lei et al. [63] detected a statistically significant improvement in
the processing speed during the Stroop test in case of visual exposure to an indoor natural environment, while the remaining
reviewed studies obtain no benefits of BD for this cognitive function. For example, in the visual reaction time task and Stroop test
administered by Yin et al. [44], improvements on attention and mental inhibition in a biophilic environment compared to the
non-biophilic environment, were not statistically significant, even if participants respectively scored 2 % and 6 % higher when in
the biophilic environment. However, these results may not be attributable to the use of VR because, participants performed
cognitive tests both in physical and virtual biophilic environment and they exhibited similar cognitive responses. In another study
of Yin et al. [56] selective attention was measured again by the Stroop test and participants in biophilic scenarios with natural
elements showed longer reaction times, while the relative effects of natural analogues scenarios were not statistically significant. In
addition, in the study of Yeom et al. [62], the participants’ performance was assessed through two auditory cognitive tests in four
alternative virtual scenarios, one non-biophilic and three biophilic (respectively with one small green wall, two small green walls,
and a full-sized green wall covering the entire area of a single wall of the room). However, they found no statistically significant
difference between the task performance in all scenarios. Similarly, no relevant variations were found on sustained attention,
phasic alertness and executive attention, due to other BD patterns, such as the impact of window views of nature and daylight [51]
or the effect of room contours (i.e., curved interiors vs angular ones) [71].

Memory. In Yin et al. [44], short-term memory of participants improved by 14 % when they were exposed to an indoor setting with
biophilic design elements (e.g., plants, bamboo floor, a window with external views of green space and river). Memory performance
ratings were higher also in the study of Jeon et al. [54] related to an open-plan virtual office with a good sky view, and of Latini
et al. [86] which investigated audio-visual connection with nature. Conversely, Mostajeran et al. [58] compared two memory
metrics in a virtual office with and without plants, finding significant improvement only for one of them in the BD scenario [92].
Similarly, Emamjomeh et al. [46] performed a within-subject experiment with 35 college students finding no positive effect of a
virtual biophilic space with a good natural view through a large window on working memory compared to a non-biophilic one.

Mental flexibility. For this cognitive function, no better accuracy was detected when participants were exposed to natural sounds
or view [51,86].

Creativity. All studies that administered cognitive tests to investigate creativity have reported promising results in favour of IBE.
The experiment of Sharam et al. [51] compared the results of Guilford’s alternate uses task carried out in an office IVE with a window
view of trees and blue sky, with those collected in a no-window one. Results showed that creative fluency was significantly greater
in the nature-view scenario compared to the no-window scenario. Similar results were obtained by Mostajeran et al. [58], who
examined the effects of the absence or presence of virtual plants on users’ creativity in an office IVE. Indeed, the average creativity
ratings obtained with the alternative uses task were significantly higher for the scenario with plants. Finally, participants in Yin
et al. [56] performed cognitive tests by using a virtual desktop in VR inside three versions of biophilic open and enclosed virtual
office spaces (i.e., natural elements, natural analogues, and combined scenarios) and a non-biophilic one. Compared to the base
case, participants in biophilic scenarios showed higher creativity scores, and the creativity effects were significant and more
prominent in enclosed spaces than in open ones.

Comprehension. Cha et al. [75] conducted a reading comprehension task in four different virtual environments by manipulating
ceiling height and type (i.e., open or concealed). However, non-statistically significant differences were found in reading speed,
response time, and quiz score.

3.4.3. Physiological parameters
The results collected on the physiological responses of individuals in IBE are quite fragmented in relation to the type of parameter
measured and the biophilic patterns investigated, as follows:

- Heart rate (HR) and heart rate variability (HRV). The improvement in HR and HRV were detected in only few IBE studies.
Mihara et al. [60] found such improvements in interior spaces with larger windows, while in the experiment of Tan et al. [72] the
same effect was measured after visual exposure to complex fractals in interior spaces. In two experiments Yin et al. [45,56] also
detected positive changes in HR and HRV after exposure to office settings with different combinations of biophilic patterns (i.e.,
various natural elements and natural analogues in open spaces, and indoor green and outdoor view conditions). However, Li et al.
[65] identified a sort of limit in the quantity of greenery beyond which biophilia benefits no longer manifest, showing that the
improvement of HR was most pronounced with a moderate dose of greenery (i.e., green coverage ratio less than 80 %) in vegetable
wall. In the remaining reviewed studies (7 of the 12 studies assessing HR/HRV) non-significant changes were observed for HR and
HRV between biophilic and non-biophilic indoor environments.

Electrodermal activity (EDA) or Skin Conductance (SC). Most studies that measured these parameters recorded physiological
improvements, indicating a general stress reduction in the IBE scenario. For example, for Zeng et al. [67], according to the changes
in SC level before and after participants experienced VR scenarios, the best design characteristics for a care facility were the
presence of medium-height windows, warm colour of the space and curved upward raised ceiling, which can be features aligned
with biophilic principles. Additionally, skin parameters were positively influenced in indoor spaces with a clear sky view and low
sun angle compared to an overcast sky [49], when participants observed a view close to windows [47], as the level of indoor wood
application increased [69], and when complex fractals were present on wall panels [72]. Yin et al. [44] further demonstrated the
calming effects of including various natural elements in indoor spaces based on the recorded decrease of SC level. Interesting results
were obtained by Yeom et al. [61] in which smaller green wall scenario compared to a non-biophilic scenario provided a lower SC
value, resulting in reduced stress, while a larger green wall scenario provided a higher SC value indicating a higher stress level.
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Similarly, the improvement of SC levels in IBEs in the experiment of Li et al. [65] was significantly better when green coverage ratio
was below 80 %. Conversely, no impact of BD on measured skin parameters was observed by only 4 of the reviewed studies [45,56,
63,65].

Skin Temperature (ST). In the experiment by Sedghikhanshir et al. [64], the thermal state of 40 participants was compared in two
virtual settings: a room with a green wall and the same room without biophilic elements, inside a climate chamber under a slightly
warm condition (28.89 °C and 50 % relative humidity). No significant difference in the mean ST was found between scenarios.
Similarly, in terms of local ST, no difference was observed for measurements at the neck or scapula, while only hand temperature
was significantly higher in the biophilic scenario. Instead, in the study of Kim et al. [69], ST related to participant’s subjective
thermal sensation, increased as the indoor wood application level increased.

Blood Pressure (BP). In both studies that measured this parameter, biophilic interventions were consistently associated with more
decreasing BP compared to the non-biophilic environments, demonstrating the stress-relieving benefits of incorporating natural
elements and natural analogues in office and school settings [44,56].

Electroencephalography (EEG). Several experiments have recorded positive effect of IBE on brain wave activity. In the study of
Kim et al. [78], Beta power measurements revealed significant improvements in visual-spatial information processing and visual
attention in two biophilic classrooms (green wall and wood floor and green plant on one wall). Conversely, a non-significant
difference in relative Alpha power spectrum was found between biophilic and non-biophilic environments. However, in other
experiments, such as those by Lei et al. [63] and Yeom et al. [61] biophilic settings with moderate greenery coverage significantly
increased the total power of the Alpha wave, showing a higher relaxing effect on the subjects, respectively when participants were
subjected to a 20 % green coverage ratio virtual scenario, and in a small green wall scenario. Finally, Jung et al. [66] demonstrated
that BD interventions (i.e., green wall and prospective space filled with nature) in hospital patient rooms not only increased Alpha
activity, indicative of a relaxed state, but also reduced Beta activity, associated with heightened arousal, suggesting the reduction of
tension.

3.4.4. Psychological aspects

As specified in Section 3.3.4, in order to meet the complexity of human feelings, all psychological questionnaires reported more
than one outcome measure, each capturing a different emotion or affective response. BD might strongly affect certain emotions while
having no impact on others. This section illustrates the psychological impacts of the IBEs, distinguishing between the effect on positive
and negative emotions and the potential on stress recovery, as follows:

- The improvement of emotions due to BD interventions have been recorded by the majority of the 16 reviewed studies addressing
the psychological state. Positive affect significantly increased in various settings, including a biophilic hospital room with a green
wall and an anamorphic wall [66], office environments with greenery [58,62] and in a nature-view scenario compared to a
non-window control scenario [51]. In addition, IBE results showed that participants in greenery indoor spaces experienced less
dullness compared to scenarios without greenery [60], while high ceiling evokes emotions of happiness and curiosity [75], and
proximity to a window led to higher pleasantness and arousal [47]. In line with these findings, in Yin et al. [44], participants in
classroom with various natural elements reported lower frustration levels, and higher engagement and excitement levels compared
to their responses in the non-biophilic environment.

Conversely, even if sometime reviewed studies reordered also a significantly decrease in negative emotions in IBE, with large
natural outdoor view [66,77] or the presence of a green wall [62,66], other times BD didn’t affect negative feeling. For example, the
item “anger” did not appear to be an emotion related to the Prospect pattern [48], the “anxiety” score [65] and the level of “fear” and
“sadness” [58] didn’t change in presence of greenery. In addition, Yeom et al. [62] discovered also that the negative affect increased in
the full-sized green wall and decreased in the one freestanding green wall scenario compared to the baseline, consistently with the
mixed results on physiological parameters discussed in Section 3.4.2. Another mixed result was obtained by Zeng et al. [67], who
discovered a design combination of medium height side windows and orange warm space interface enhanced the total emotional score,
but also with the presence of an enclosed partition which can limit a quality Prospect condition.

- Concerning the evaluation of the hypothesis that mental recovery from stress and anxiety would be greater after exposure to
biophilic environments, a clear distinction is evident between the results obtained using the well-know STAI questionnaire and
those derived from self-designed survey. None of the studies investigating stress recovery with self-designed stress questions
revealed significant differences between biophilic and non-biophilic scenarios [44,47,60]. Instead, in Yeom et al. [61], the STAI
score was lower both in small green wall and large green wall scenarios than that in the non-green wall scenario. In addition, the
STAI score in the small green wall scenario was significantly lower than that in the large green wall scenario, consistent with
physiological findings discussed in Section 3.4.2. Similarly, in a hospital environment, STAI results showed that BD can decrease
the anxiety state [66]. For Yin et al. [45], the “outdoor view” and “combination” scenarios entailed a greater decrease in STAI score
compared with the non-biophilic environment. However, for this last study, the decrease of STAI was close to the null and not
statistically significant, between the “indoor green” scenario and the non-biophilic environment, leading to inconsistent results.

4. Discussion
Based on the findings described in Section 3, the Paragraph 4.1 critically discusses the core characteristics (outlined in section 3.2)
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and experimental methods of the studies (reviewed in Section 3.3), as well as the key outcomes on the impacts of BD strategies on the
dependent variable (as reported in section 3.4). The directions for future biophilic research efforts using IVEs are then presented in
Paragraph 4.2, which reflects considerations drawn on research approaches in terms of biophilic patterns experimentation, dependent
variables investigation and methods standardization to draw and extrapolate new results and impacts of BD strategies on human-
dimension via VR.

4.1. Key observations

4.1.1. Characteristics and methods of experiments

Fig. 8 provides a graphical overview of the main biophilic patterns investigated by the analysed studies (i.e. independent variables
in the left-hand side of the figure), in relation to the dependent variables’ domains (right-hand side of the figure), also according to the
VR technology used (in the middle of the figure). The key outcomes are discussed in the following points.

- The investigated BD patterns in the reviewed studies reveal a variegated range of independent variables. In particular, a clear
predominance of “Visual Connection with Nature” and “Prospect” was detected. This is closely associated to the capacity of VR to
effectively manipulate the visual domain, creating virtual nature-related stimuli while fully immersing and isolating users from
their real-world surroundings. In addition, the relevant evaluation of these patterns in the current body of research may be
influenced by their significant implementation and presence in real-world settings (i.e., integration of greeneries and presence of
views out of windows). This suggests a correspondence between the actual application of BD strategies and their representation in
the literature.

In contrast to real-world scenarios, which tend to investigate individual BD patterns in isolation [12], IVEs studies present some but
still limited attempts to explore multiple BD patterns in multi-domain studies. Real-world research is limited by the difficulty of
testing multiple patterns simultaneously, whereas the flexibility of VR allows for more complex, and holistic experiences. Given the
importance of investigating the multi-sensorial experience of humans within indoor environments to shape a beneficial human
experience [13], VR technology presents a valuable opportunity for BD researchers to create an immersive biophilic experience and
combine various stimuli and patterns. Indeed, reviewed studies highlighted the potential of IVEs to simulate diverse visual sce-
narios while also incorporating other sensory stimuli, such as, auditory [86], auditory and olfactory [52], auditory and thermal
inputs [59].

The effectiveness of VR investigation for BD research depends on the type of VR technologies used. Among the reviewed articles,
head-mounted displays were the most common systems than the CAVEs. This is primarily due to their lower economic and
computational cost while achieving a high level of realism as fully immersive systems.

Despite the potential of VR technologies, ensuring the validity of the experiments is crucial for producing reliable and gener-
alizable results, particularly in emerging research fields like BD. Some studies tried to enhance the VR validity by conducting
preliminary validation studies, comparing results from IVE to their real counterparts and then using the virtual model as a pro-
visional tool to assess different biophilic patterns. While this approach helps in confirming the reliability of VR simulations, it is not
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Fig. 8. Evidence map on the most frequent investigated biophilic design patterns (on the left) in relation to dependent variables (on the right), also
according to the VR technology used (in the middle). The digits presented in the right-hand side of the figure inside the arrows represent the number
of reviewed articles within the related topic.

19



E. Di Giuseppe et al. Journal of Building Engineering 98 (2024) 111127

always feasible given that it presupposes having a real test environment with biophilic settings, thus partly limiting the advantages
of VR in terms of speed and costs of carrying out the study. Moreover, it is crucial to address key elements such as content, internal,
face, criterion, and ecological validity to ensure that virtual environments produce meaningful results. A notable concern occurred
from this literature analysis is the limited attention given to ecological validity. This factor is crucial for ensuring an accurate
representation of the indoor environment and a fully immersive experience and obtaining realistic and valid users’ feedback and
measures. However, more than half of the reviewed studies do not provide a measure of the participants’ sense of presence and
immersivity within IVE, nor of cybersickness symptoms. Even among studies that perform those evaluations, the adopted methods
vary, ranging from the IPQ method to self-made questionnaires, resulting in a lack of consistency in the assessment of the sense of
presence.

An additional challenge to ensure realistic feedback and the ecological validity of the virtual environment is maintaining partic-
ipant immersion during IVE experiments. Often, subjective evaluations are administered using self-reporting questionnaires and
interviews after the conclusion of the virtual experience. This post-experience approach can be intrusive and may disrupt im-
mersion, leading to disorientation and potentially biased responses. Integrating tasks and surveys within the model directly in VR
may reduce the break-in presence and avoid biases [25,93]. Nevertheless, only 27 % of the articles that involve the administration
of a questionnaire explicitly state that they carry it out in an immersive environment. Ultimately, a comprehensive assessment of
the sense of presence and cybersickness, as well as the administration of questionnaires during the virtual immersion could already
be sufficient and effective actions in support of the ecological validity of the study.

This issue supports another challenge identified by this review: the lack of homogeneity in design of experiment, leading to
missing data or scarcity of information that pertains not only to ecological validity but also the methods, sample size, IVE exposure
and indoor environmental assessment. Concerning the former, the experiment design varied, in relevance order, among repeated-
measure design, independent-measure design, and mixed design. The number of participants to be tested (i.e., sample size) is also
diversified, ranging between 15 and 256 subjects, with the majority of studies (65 %) analysing between 20 and 60 subjects and
sometimes lacking the analysis of the statistical significance of the sample. Similarly, the immersion time in the virtual environment
significantly varies across the studies, even if in most cases it appears rather limited (under 20 min), satisfying the need for limiting
VR time exposure to avoid the occurrence of participants’ disturbances which could invalidate the results. Moreover, most of the
studies (52 %) excluded information on the environmental conditions of the real room where the experiment was conducted.
However, Indoor Environmental Quality factors are essential and need to be controlled to mitigate their impact on the dependent
variables, particularly linked to individuals psychological and physiological responses [61].

Within the reviewed studies, a wide range of dependent variables have been investigated, demonstrating the interest in eval-
uating the benefits of BD covering the whole human dimension. These variables ranged primarily from individuals’ perception and
the related restoration potential (68 % of studies) followed by psychological aspects, such as emotion and stress (52 %) and
physiological parameters, especially HR/HRV and EDA/SC (52 %). A minority, but still significant part (45 %) measures cognitive
functions, especially attention and memory. Obviously, the fields of investigation very often overlap within the 74 % of studies, for
example firstly evaluating the restoration theory and then the psychological aspects, or those addressing cognitive functions and
physiological parameters.

However, there is a noticeable lack of standardization in methods for collecting dependent variables. Indeed, the challenge
lies in the fragmented and non-uniform nature of those methods. This is the results of extensive literature and different research
field like psychology, neuroscience, and architecture, which have developed their own methods (i.e., questionnaires and tests) to
investigate the human dimension. Moreover, as scientific understanding of human-environment interactions evolves, researchers
continuously refine existing tools, or create newer self-made ones, to address the complexity and multi-dimensional nature of
human perception more accurately. This development has led to multiple overlapping, yet distinct, methods for collecting
dependent variables. This issue leads to difficulties in comparing results across BD studies, as the same dependent variables may be
investigated by different or slightly different methods or use varying scales, leading to inconsistent and not fully comparable
findings.

4.1.2. Impact of BD strategies

The key observations based on the evidence of the reviewed papers can be distinguished into two main categories: impact of BD
strategies on perception and impacts related to the biophilic theories ART (perceived restoration and cognitive functions) and SRT
(physiological and psychological aspects).

On one hand the positive impact of BD on environmental perception is evident across the reviewed studies. This is especially true
concerning visual and spatial perception. Clear improvements in the presence of natural patterns, such as facade geometry, higher
open spaces, higher view quality, larger window-to-wall ratios, were reported contributing to enhance user satisfaction in terms of
visual appraisal [49,54,57,73], spaciousness [76], attractiveness [75], and overall perception of the BD design [44,56]. There are also
some contradictory findings correlating higher green density to a weaker restorative response [63]. Interestingly, a negative impact on
perceived privacy was detected in terms of large openings or open spaces [57,73,76]. However, BD influence on thermal and acoustic
perception remains less consistent and quite contrasting. Indeed, the perceived thermal benefits of BD seemed to depend on the specific
biophilic pattern simulated. For instance, a greater quantity of wood correlates with an increased sense of warmth [69], the presence of
a green wall with an improvement in comfort but not in sensation [64], and different ratio of greenery can also induce no thermal
effects [60]. The acoustic satisfaction under visual stimuli exposure was more improved by the quality of greenery, especially its
richness, colours and variety of species [53,54], rather than its quantity, which was associated with higher noise annoyance [53] or no
impact at all [60]. In general, these findings suggest that while BD is generally beneficial to visual perception, further research is
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needed to fully understand its impact on thermal and acoustic perceptions.

On the other hand, significant heterogeneity was observed also on findings associated with BD theories presented in the Intro-
duction section. The benefits of BD in relation to Attention Restoration Theory and Stress Reduction Theory are evident across several
studies, though results are somewhat varied.

The general premise of Attention Recovery Theory [10] is supported in terms of perceived restoration, with restorative expe-
riences improved thanks to the inclusion of natural materials, like wood [70], greenery [58,79], and the proximity to natural views
[40,47]. The reviewed studies provide only partial support to the idea that exposure to nature can improve cognitive functions with
more pronounced improvements in certain cognitive domains than others, like mental flexibility and comprehension. While some
studies reported improvements in attention and working memory in biophilic environments, the findings are inconsistent. Indeed, only
a few studies reported significant benefits from visual [44,58,63,86,92] and audio-visual [86] connection with nature, while others
found a decrease in performance [56] or no significant differences [44,62], even in the case of window views and daylight [46,51] or
room curved contours design [71]. However, creativity consistently benefited from biophilic exposure across multiple studies, indi-
cating that natural analogues [56], natural elements [56,58] and window view [51] can enhance creative thinking.

According to health-related theories, psychophysiological responses to natural settings are emphasized by the Stress Reduction
Theory [11]. Among the reviewed studies, the physiological impacts of BD are fragmented depending on the type of parameters
measured, the biophilic patterns tested and related quantity. Electrodermal Activity (EDA) or Skin Conductance (SC) and Blood
Pressure (BP) emerged as particularly sensitive measures to BD strategies affirming its stress-relieving effects in the presence of Nature
in the Space and Analogues [44,47,49,56,67,69,72]. Heart Rate (HR) and Heart Rate Variability (HRV) were frequently measured in
studies but showed a more limited stress reduction influence [45,56,60,65,72]. Skin temperature (ST) results were also inconsistent
[64], with only some biophilic interventions like wood application increasing localized temperature [69] improving thermal comfort
during the heating season. Electroencephalography (EEG) results have also demonstrated an improved relaxation and reduced tension
thanks to an increased Alpha wave activity and reduced Beta activity in biophilic spaces [61,63,66,78]. It is essential to point out that if
the sensitivity of measurement tools is not appropriate, partial or inconsistent improvements in stress recovery can be detected. Despite
the variability in results, these findings highlight the potential of BD to positively influence physiological responses reducing stress
levels and supporting SRT under specific conditions.

Due to the complexity of human feelings, the psychological impacts of BD reveal mixed effects on emotional states across the
reviewed studies depending on the investigated emotional dimension. Regardless of patterns and settings, positive emotions (e.g.,
happy, engagement, excitement, inspiration, interest, enthusiasm, energy, joy) were generally enhanced through BD interventions,
with significant increases in affective responses recorded in environments with greenery [58,62,66], natural views and higher ceilings
[47,51,60,75]. Conversely, the effect of BD on the reduction of negative emotions was less consistent. While some studies reported a
decrease in negative feelings such as anxiety and frustration [44,46,66,77], others found no significant impact on emotions like anger,
fear, or sadness in the presence of greenery [58,65] and prospect [48]. In some cases, the presence of full-sized green wall scenario
compared to smaller green wall configurations even led to an increase in negative affect [62]. This result aligns with the physiological
outcomes and highlights that an oversized quantity of greenery may have negative impacts on individuals. Lastly, the results con-
cerning stress and anxiety recovery varied depending on the experimental methods. Indeed, studies using standardized measures (i.e.,
STAI questionnaire) found that biophilic environments could reduce stress and anxiety levels, particularly in spaces with green walls
[61,66] or view of nature [45]. However, self-designed surveys showed no significant influence [44,47,60], thus emphasizing the need
for standardized tools to measure the psychological benefits of BD.

To conclude, despite the overall potential for BD to enhance restoration and reduce stress under specific conditions is clear,
supporting both ART and SRT, the picture drawn so far highlights the need to carefully weigh the design when defining biophilic
strategies to maximise benefits across all aspects without compromising others.

The investigated literature generally provides support, although not totally unanimous, to the idea of a positive occupants’
response to various indoor biophilic scenarios in terms of perceptions, cognitive functions, emotion, mood, stress or alertness. The
picture of the results obtained appears however quite fragmented, consistently with results of research conducted in real-world set-
tings. Indeed, it is common to find a partial positive impact of BD also in the studies carried out in “physical” spaces (i.e., real-world
settings) [12,15,94,95].

4.2. Future research directions

The considerations drawn so far lead to the definition of several research perspectives strongly linked to the VR potential to advance
BD studies.

First of all, the body of knowledge on the benefits of BD should be extended by analysing a broader range of biophilic patterns
across various sensory dimensions (visual, auditory, olfactory). In this context, conducting multi-domain experiments in real set-
tings presents challenges due to limitations in the environmental settings that researchers can control at once [25]. This limitation may
not fully capture the multisensory richness of biophilic environments. VR offers a solution to this dilemma by providing a controllable
and adaptable environment, allowing researchers to contemporary test a wide range of patterns. Indeed, the advantage of VR to easily
deliver several, multi-sensory realistic and fully immersive visual and acoustic stimuli in a randomized manner and allows for testing a
greater number of independent variables at minimal expense. Despite that, this proven benefit still potential still needs to be widely
exploited even this approach would support researchers to assess how specific or combined natural elements affect occupants’ di-
mensions, especially in specific sensitive contexts (e.g. hospitals).

Secondly, the evaluation of the impact of BD strategies should also be more often and simultaneously extended to investigate a
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wider range of dependent variables related to humans’ well-being and health. VR is particularly well-suited for this task, as
specific questionnaires on psychology and perception, as well as cognitive tasks, can be easily implemented, while simultaneously
measuring the environmental and subjects’ physiological parameters. An important point to keep always in mind when designing
studies aimed at evaluating the impact of multiple BD patterns on different dependent variables, it is crucial to account for limitations
on exposure time within the virtual environment. Additionally, the integration of further means of study could support the collection of
a wider range of dependent variable and enhance the comprehension of data collection. In this context, eye-tracking technology can be
adopted to get insights on processing tasks and allocation of attention and/or distraction in simulated environments with biophilic
indoor elements [56,63,96]. Indeed, HMD equipped with eye-tracking is a valuable tool in VR-based research offering the opportunity
to continuously monitor individuals’ eye behaviour without disrupting users’ immersivity.

Thirdly, the impact of BD strategies may vary among different indoor settings (e.g. residences, schools, workplaces, hospitals ...)
and some biophilic strategies may be more suitable in some contexts than others [13]. As a result, investigating BD benefits in
various scenarios and environments is essential to fully understand the effectiveness of biophilic interventions. This is especially
feasible by using VR systems given the flexibility of representing different contexts.

Lastly, to effectively support the extension of Biophilic Design research in VR, the most ambitious research perspective is the need
to develop a comprehensive experimental framework. By supporting researchers to conduct rigorous test sessions and gathering
reliable data, this framework has the potential to facilitate the simultaneous collection of multiple aspects (i.e., dependent variable).
Such approach would address the current fragmentation and heterogeneity of existing literature, as highlighted in this review.
Consequently, the standardization of tests, methods and design of experiments would allow to create a more cohesive body of
knowledge in the field and produce comparable results across different studies. This would allow to establish and quantify the actual
BD benefits. Additionally, it would support the integration of VR findings into evidence-based building design, building standards and
certifications. The present literature review constitutes an initial step toward this valuable objective, providing a critical analysis of
existing studies and paving the way for the development of innovative methodologies and future research phases.

5. Conclusions

In conclusion, this review aimed to bridge the literature gap on the application of fully Immersive Virtual Environments in indoor
Biophilic Design research. Indeed, despite the growing body of research, the existing literature is not numerically extended and re-
mains highly fragmented, lacking systematic synthesis, especially concerning the outcomes of BD on human dimensions. As a result,
this work reflects a double-fold objective. On one side, to provide a comprehensive overview of current studies, exploring studies
characteristics, related to investigated BD patterns, VR technologies, test design, and methods adopted to collect dependent variables
concerning individuals’ perception, cognition and psychophysiology. On the other, to synthesize the key observation, offering a
structured foundation for future research. Indeed, a strong emphasis is placed on the identification of BD impact on human dimensions
as detected in IVE studies.

By analysing a body of 31 articles that adopted fully IVE, the review has highlighted the potential of VR application to advance BD
research by offering an affordable alternative or complementing, traditional laboratory and real-site approaches for investigating the
«human dimension» in buildings. VR provides the creation of adaptable environments, allowing researchers to easily replicate and
manipulate biophilic settings and contemporary test a wide range of patterns at once, which can lead to more robust and diverse
findings. This is a crucial point to fully capture the multisensory richness of biophilic environments. In the future, immersive virtual
environments will be used more and more often for research on the impact of interior design on humans.

However, the review highlights the fragmented nature of current research, which often varies in terms of experimental design,
methods, and dependent variables. Thus, the manuscript underscores the challenges of standardizing research methods in this
emerging field and emphasizes the need for more holistic and ecologically valid approaches to fully leverage VR technology’s capa-
bilities in BD research on individuals.

By synthesizing the key observations from results on perception, physiological, psychological, and cognitive aspects, this review
provides valuable insights into the potential of VR-BD studies to enhance human experience in built environments. Indeed, the review
finds positive impacts of BD on visual and spatial perception, though its effects on thermal and acoustic perception are less consistent
depending on specific BD patterns. The results of VR-based studies support Attention Restoration and Stress Reduction Theories with
improved restoration and stress reduction, but the evidence on cognitive functions is mixed. Physiological responses, such as skin
conductance and blood pressure consistently indicated positive effects, with heart rate and skin temperature responses being less
conclusive. Lastly, positive emotions were generally enhanced, though BD effect on reducing negative emotions is inconsistent.
Overall, the findings are inhomogeneous, highlighting the need for carefully designed strategies.

As a result, expanding the knowledge in this field brings advantages for building designers but also for the improvement of
buildings’ rating protocols and certifications in terms of social sustainability, well-being and health of the occupants.
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Appendix A

Table A.1

Data on the methodology design of the eligible studies. V = Visual connection with nature, NV = Non-Visual connection with nature, TA = Thermal
& Airflow variability, L = Dynamic & diffuse Light category, NRS = Non-Rhythmic Sensory stimuli, M = Material connection with nature, FP =
Biomorphic Forms & Patterns, CO = Complexity & Order, P = Prospect; HMD = virtual environment using Head-mounted display, CAVE = Cave
Automatic Virtual Environment; M = virtual modelled experience, R = virtual recorded experience; real = real environment, 2D = non immersive
virtual environment (i.e., computer display condition); IPQ = immersion/sense of presence/realism questionnaire, SSQ = simulator sickness
questionnaire (*self-made questions); Single = single-domain, Multi = multi-domain, Cross = crossed effect; W = within-subjects design, B =
between-subjects design; CS = case study; nr = no time restrictions; T° = temperature, RH = relative humidity, CO2 = carbon dioxide concen-
trations, PMy 5 = PM3 5 concentrations, LUX = light intensity, AV = air velocity.

Studies characteristics

Ref.  Environment Nature in the space Natural Nature of Devices  Virtual IBE Ecological Domain  Design Sample Exposure Monitored parameters
analogues the space experience  Validation validity size time
V. NV TA L NRS M FP CO P PQ SSQ w B T° RH CO, PM,s LUX AV
[68] Office v v v HMD M v Single v 112 - v
(real vs HMD)  v* ¢
[44] School v v v HMD R M Single v 28 5 min
(real vs HMD)
[56] Office v N N N v HMD M Single v 30 10 min v v v
[75] Office v HMD M v Single N 40 7 min
[57] Office v v HMD M M Single v 50 5 min
(real vs HMD) v/
[45] Office v v v N v HMD M Single N 100 6 min v v v v
771 School v v HMD M v Single v 35 5 min
(real vs HMD) v/
[47] Office v v HMD R v Single Vv 32 0min v Vv v
[48] Office v v HMD M Single v 37 2 min v
[61] Office v HMD M Single v 27 6 min v v oY v
[71] Home v HMD M /v Single v 42 12 min
[62] Office v HMD M Single v 27 8 min v v
[63] Office v HMD M Single v 15 20 min v
[49] Office v v v v HMD M Single v v 256 nr v v v
[64] Other v HMD M v Cross v 40 0min v
[78] School v v v HMD M v Single v 17 30 sec
(2D vs HMD)
. CS1:54
[51] Office v v v HMD M Single v €S 2:57 -
65 ort v HMD R singe v v SIS e vov v
[65] her ingle CS2:62 min
[40] School v v v CAVE R Multi N 88 6 min v v
[54] Office v N HMD M Cross N 34 nr
[58] Office v HMD M v v Single v 39 12 min
[69] Home v HMD M v Cross v 26 3 min v v v N
[791 School v Y v v v v HMD M Multi v 52 10 min
CS1:79 .
[53] Home v v v HMD M I* Cross N CS2:62 5 min
[60] Other v v HMD M v Cross v 90 2 min v v v
v .
74 Offi CAVE M Singl 57
[74] ice v (2D vs CAVE) * ingle v nr
[66] Hospital v v HMD M Single v 75 2 min
[67] Hospital v v v HMD M N Single v v 90 5 min
[70] School v HMD M Single N 35 nr
[72] Office v CAVE M Single N 45 1,5 min
[80] Office v v HMD M v v Multi v v 198 6 min v v
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Table A.2

Information on methods for collection of dependent variables: perceptions domain investigated (i.e., visual perception, perceived restoration,
perception of biophilic design, thermal and acoustic perception); physiological parameters measured (HR = heart rate, BP = blood pressure, SC = skin
conductance activity or EDA = electrodermal activity, ST = skin temperature, EEG = electroencephalography); psychological aspects investigated;
methods to evaluate cognitive performance and load.

Collected dependent variables

Ref. Year Perceptions domain investigated Physiological parameters Psychological Cognitive evaluation
aspects
Visual Restoration Biophilia Thermal Acoustic HR BP SC/ ST EEG Emotion Stress Task Self-reported cognitive
EDA performance load
[68] 2015 v/
[44] 2018 v v /v 7 v v v
[56] 2019 v v /7 v v
[751 2019 v v v/
[571 2019 v
[45] 2020 v v/
[771 2020 4 v v/
[471 2020 4 v v v 4
[48] 2020 v v v
[61] 2021 v v v
[71]1 2021 v 4 v v/
[62] 2021 v 4 v
[63] 2021 v v v v v
[49] 2022 v 4 v
[64] 2022 v v v
[78] 2022 v
[51] 2022 v v
[65] 2022 v v v
[40] 2022 v
[54] 2022 v v v
[58] 2023 4 v v/
[69] 2023 v v v v/
[79] 2023 v v v
[53] 2023 v/ v/
[60] 2023 v 4 v/ v v 4 4
[74] 2023 v v v
[66] 2023 v v v
[671 2023 4 v v
[70] 2023 v
[72] 2024 v v v
[80] 2024 v/

Data availability
Data will be made available on request.
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