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Abstract

Citizen participation is increasingly supported by digital tools, yet many existing participation formats
prioritise static visualisation and offer limited insight into how pedestrians perceive and evaluate dynamic
traffic situations. This is particularly relevant for vehicle speed perception, which shapes perceived safety
and crossing decisions. Additionally, a “participation paradox” occurs when citizens engage only after
preliminary planning has been conducted, and is hence approachable for the public, but costly to change.
To understand how digital participation tools might better account for such experiential components, this
study presents a scoping review conducted in accordance with the Preferred Reporting Items for Systematic
reviews and Meta-Analyses extension for Scoping Reviews (PRISMA-ScR; N = 52), mapping evidence
across the thematic categories of technology, urban context, and sustainability. The review identifies a
methodological gap between behavioural perception research and current participatory practices.
By outlining design considerations, e.g., multisensory integration and technical offsets, the scoping review
provides a state of the art for perception-oriented participation, a foundation for valid and inclusive urban
design decisions. Findings indicate that while immersive technologies, such as virtual reality (VR) or 360°
videos in head-mounted displays (HMDs), offer distinct advantages for methodological safety, preventive
testing, and expanded reach, they remain limited to experimental pilot stages with marginal integration into
formal planning procedures. These results highlight the potential of immersive tools that bridge the gap
between technical planning and human perception. However, a critical discrepancy for the use of immersive
technologies is revealed: Vehicle speed is systematically underestimated in virtual environments, fostering
riskier crossing decisions compared to reality.
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1. Introduction

The design of urban spaces affects the everyday lives of a large share of the population and therefore
represents a key societal responsibility (Hofmann et al., 2020). Although urban planning has traditionally
been perceived as a technocratic procedure, increasing demands for transparency, social inclusion, and
public legitimacy have led to calls for active citizen participation (Chronéer et al., 2019; Pissourios, 2014;
von Brackel-Schmidt et al., 2024). At the same time, urban planning remains a complex process shaped by
uncertain developments, competing stakeholder interests, and differing perspectives, norms, and values
(Loorbach, 2010; Raynor et al., 2017).

Digital transformation enables e-participation, which can be defined as the use of digital citizen participation
tools, such as web-based platforms or social media, to involve the public in planning and decision-making
processes (Hofmann et al., 2020). This shift can broaden participation across spatial boundaries and engage
additional population groups (Hofmann et al., 2020; Kajosaari et al., 2025). While these benefits follow the
intent to increase inclusivity, analysis of planning practice often reveals a “participation paradox”: Citizens tend
to participate less in the early stages of planning, when their potential influence would be greatest. One reason
is that the consequences for their daily lives are not yet apparent (Kluge et al., 2025; Wolf et al., 2020). Within
the field of planning and participation sciences, researchers have identified motivational factors that shape
individuals’ intention to participate, including civic responsibility, personal interest, and social influence (Gower
et al., 2023; Guler et al., 2024; Szczepanska et al., 2021).

However, there are significant drawbacks to current digital participation formats. Barriers such as restricted
access to information, inadequate technological competencies, and the perception that one’s involvement
has negligible influence can hinder engagement (Biancifiori et al., 2025; Chiappini & Ferrari, 2024; W. Li
et al., 2020). Moreover, the increasing use of data-intensive technologies, artificial intelligence (Al), and
digital twins amplifies the complexity of digital planning processes (Luo et al., 2025). These technologies
facilitate more efficient analysis of citizen feedback. However, their underlying decision-making logic
frequently remains opaque and may reinforce technocentric perspectives (Othengrafen et al., 2025). At the
same time, the ecological implications of digital technologies are receiving increasing attention.
Energy-intensive computations, rapid hardware replacement, and growing data volumes contribute to higher
resource consumption and digital waste (Alam, 2024; Almulhim, 2025; Nizamani et al., 2026). Furthermore,
highly immersive tools can create new forms of digital exclusion for citizens with limited technical
experience or access to digital technologies (Abu Selo et al., 2025; Srivastava et al., 2019). This can be
defined as an immersion-equity paradox. Higher levels of immersion improve the quality of citizen feedback.
However, they also increase barriers for people with limited digital literacy or hardware resources. This can
potentially exacerbate the digital divide (Biancifiori et al., 2025; Dorostkar & Ziari, 2025; Gower et al., 2023;
Simonofski et al., 2024; Szczepanska et al., 2021).

To harness the benefits and overcome these drawbacks, there is a need to link the reality of citizens to the
formal planning processes. This necessity arises because established formal procedures, such as public
consultations and the display of two-dimensional plans in municipal offices, are increasingly criticised for
their limited accessibility and declining relevance (Hofmann et al., 2020). While digital participation formats,
including web-based platforms, social media, and participatory geographic information systems, facilitate the
asynchronous collection of opinions, they often fail to capture the experiential depth of urban spaces
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(Hofmann et al., 2020; Jankowski & Nyerges, 2003; Lu et al., 2018). Nevertheless, there is a need for clearer
design and evaluation criteria for digital participation processes, as well as for the tools applied across
different planning phases (Beriglete et al., 2024).

A promising approach to overcoming the abstraction of conventional planning representations for citizens is
the use of immersive technologies such as virtual reality (VR) or 360° videos in head-mounted displays
(HMDs). These technologies enable citizens to experience complex traffic situations (Jamei et al., 2017;
Maksimenko et al., 2026). This development is particularly relevant for pedestrian-related considerations
within urban infrastructure planning (Berkemeier et al., 2025; Schrom-Feiertag et al., 2019). VR can support
pedestrians by enabling more realistic assessments of planned infrastructure. The utilisation and acceptance
of infrastructure are frequently influenced more by subjective perceptions of safety than by objective safety
indicators (Gotschi et al., 2018; Winters et al., 2012). Perceptual processes, including speed estimation and
distance evaluation, play a crucial role in crossing decisions and, consequently, in traffic safety outcomes
(Liu & Tung, 2014; Maruhn et al., 2020). Perception-oriented experiments may be better at capturing real
behaviour than monitor-based approaches (W. Zhu et al., 2021). Perception-oriented participation is defined
as a participatory process focusing on citizens’ cognitive and affective appraisal of urban space. It moves
beyond static visualisation to evaluate dynamic experiences such as perceived safety and vehicle speed
(Luo et al., 2025).

Immersive tools offer three distinct advantages for participatory planning. Regarding the safety of the
method, VR enables controlled and safe testing conditions, allowing participants to evaluate hazardous
traffic scenarios without physical risk (Angulo et al., 2023; Burns et al., 2020; Yao et al., 2021). VR facilitates
preventive testing by allowing the evaluation of infrastructure prior to its physical implementation. Research
conducted by Schrom-Feiertag et al. (2020) demonstrates the efficacy of integrating virtual environments
with traffic simulations to evaluate perceived safety and place quality in newly designed street spaces. This
approach helps identify infrastructural adaptations prior to real-world implementation, thereby ensuring
more efficient resource use and maximising potential benefits. Concurrent studies emphasise that VR should
complement rather than replace traditional participation methods. It serves as a visual and experiential tool
that enhances perspective-taking and comprehensibility (van der Horst & Peeters, 2021). Further research
indicates that inadequate regulation of emerging mobility forms may impose additional challenges for
pedestrians, underscoring the significance of perception-oriented evaluation of infrastructural interventions
(Arshi et al., 2026).

Despite this potential, the current state of research reveals a threefold gap that prevents immersive tools from
being integrated into standard urban planning:

1. Applications of VR and other immersive tools frequently remain in the experimental pilot stage, with
only marginal integration into formal planning procedures (Goncalves et al., 2026; Simonofski et al.,
2024). Institutional frameworks and participatory mindsets that extend beyond involvement are
lacking, thereby limiting meaningful public engagement.

2. Many digital participation tools continue to prioritise visualisation and information provision (Jutraz &
Moine, 2016), while the subjective perception of dynamic traffic situations has rarely been systematically
examined in participatory contexts.
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3. The validity of immersive studies depends on the correspondence of perception and behaviour
between real and virtual environments (Bhagavathula et al., 2018). Theoretical foundations and
standardised methodologies for integrating digital and immersive tools into participatory planning
processes remain limited (J. Li et al., 2021).

To address this overarching gap, the present study examines how perception-related aspects of traffic
situations, particularly pedestrians’ vehicle speed perception, could be better integrated into digital
participation formats in urban and transport planning. To achieve this, the study employs a scoping review
conducted in accordance with the Preferred Reporting Items for Systematic reviews and Meta-Analyses
extension for Scoping Reviews (PRISMA-ScR) to map the current state of evidence. The study aims to identify
the methodological gap in current participatory planning approaches and highlight the potential of immersive
technologies to better represent and communicate experiential qualities of urban environments. These
insights provide a foundation for future research on perception-oriented participation tools, particularly
immersive approaches for evaluating pedestrian perception processes in realistic planning scenarios.

2. Methodology

The methodological framework for this research is based on a scoping review in accordance with the
PRISMA-ScR guidelines (Tricco et al., 2018). This approach was chosen to map the scope, range, and nature
of the available evidence on digital, particularly immersive, participation tools. A formal critical appraisal or
risk-of-bias assessment of the individual included studies was not performed, as the primary objective is to
map a heterogeneous and rapidly evolving field rather than to critically appraise specific interventions
(Tricco et al., 2018). This allows for a comprehensive overview of the current state of research regardless of
the methodological quality of individual sources. Figure 1 presents the PRISMA-ScR flow diagram of the
literature search and screening process, including the number of records retrieved from each database and
the subsequent exclusion steps.

To identify sources relevant to the research questions, keywords were defined across several thematic
categories, including citizen participation, immersive technologies, planning contexts, perceptual aspects,
and critical perspectives on digitalisation. Synonyms and related terms were combined using Boolean
operators to capture a broad range of relevant literature. This resulted in a total of 11 search strings
(e.g., “citizen participation” OR “public participation” OR “participatory planning”) AND (“virtual reality” OR
“VR” OR “360 video” OR “head-mounted display”) AND (“urban planning” OR “transport planning” OR
“traffic planning”), which were applied across three databases (Scopus, Web of Science, IEEE Xplore Digital
Library). A detailed overview of the keyword categories (Table S1) and the complete set of search strings
(Table S2) is provided in the Supplementary File.

During the identification phase, studies were screened based on titles, abstracts, and keywords. At this
stage, articles published prior to 2015, non-English articles, and studies focusing exclusively on external
human-machine interfaces (eHMls) research, communication between autonomous vehicles (AVs) and
pedestrians, algorithm development, driver or passenger perspectives, or purely simulation-based model
studies were excluded. In a subsequent step, the duplicates were removed. The literature search, screening,
and synthesis were conducted by the lead author, while the search strategy and final synthesis were
iteratively reviewed and validated by all co-authors to ensure methodological consistency.
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Figure 1. PRISMA-ScR flow diagram for the scoping review process. Source: Adapted from Tricco et al. (2018).

The screening phase was guided by predefined eligibility criteria to ensure the methodological relevance of
the selected literature (see Table 1). In accordance with the PRISMA-ScR guidelines (Tricco et al., 2018), the
screening and eligibility assessment were conducted in a structured and transparent manner to maintain
consistency throughout the review process.

A total of 55 articles were identified as eligible for inclusion in the review. Following full-text screening, three
articles were excluded for not meeting the participation tool criterion. Consequently, 52 articles were included.

Following the completion of the screening process, the content-related synthesis of the included studies was
conducted using a deductive approach. The predefined criteria presented in Table 1, which had previously
been applied during screening, were subsequently used to guide the deductive synthesis. Relevant
characteristics were extracted, including the applied tool, sample information, research context, study
design, measured variables, and findings.
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Table 1. Overview of inclusion criteria.

Criterion focus Inclusion criteria

Publication type Primary, peer-reviewed empirical studies (journal articles and full conference
papers). Secondary literature (reviews, meta-analyses), and grey literature were
excluded to ensure empirical comparability.

Participation tool Immersive VR and 360° video environments (presented via HMDs or virtual
environments) that enable strong real-world embeddedness and spatial interaction
beyond passive visualisation.

Content Studies situated in urban, spatial, or transport planning involving perception-based
Urban decision context & measures (e.g., safety or speed perception, time-to-collision, workload) within
experiential relevance participatory decision-making processes.

Sustainability Research reflecting strategies for resource-efficient planning and the generation of
Data economy & critical targeted, perception-based evidence for decision-making, rather than large-scale

digitalisation perspective  data accumulation.

3. Results

The results of the scoping review are synthesised according to the deductive analysis categories defined in
Table 1. This mapping approach facilitates a structured characterisation of the extent and nature of the
evidence, moving beyond a descriptive summary to identify key conceptual themes and research gaps.
The framework specifically links the technological development of immersive participation tools with their
application in real urban decision-making contexts and their role in supporting resource-sensitive,
evidence-based planning. To support this synthesis, a summary table (Table S3) is provided in the
Supplementary File, encompassing the specific hardware utilised, participant demographics, research
settings, and study designs, as well as the specific data points, and individual results. The following sections
present the data charting results from the 52 included studies across these three core perspectives.

3.1. Participation Tool

The synthesis of the 20 sources identified in the “Participation tool” category highlights a shift from static
2D representations to immersive VR environments that capture human perception and bridge technical
planning with experiential understanding. A detailed overview of the specific hardware and software
configurations used in the reviewed studies is provided in Table S3 in the Supplementary File. The literature
identifies a broad spectrum of technical setups, ranging from fully HMDs and cave automatic virtual
environments (CAVESs) to non-immersive, monitor-based desktop VR (De Oliveira et al., 2025; Jamei et al.,
2017, Srivastava et al., 2019). The delivery of content serves to differentiate between 360° video recordings
and interactive environments constructed using game engines such as Unity or Unreal (Guler et al., 2024;
Schewenius & Wallhagen, 2024). The findings indicate that the choice of immersive tools substantially
influences the quality and nature of user engagement. HMD-based applications tend to enhance emotional
immersion, presence, and empathy by facilitating perspective-taking. In contrast, desktop VR is often
associated with improved spatial learning and orientation because it places lower cognitive demands on
users and reduces sensory conflicts (Pouke et al., 2019; van Leeuwen, Hermans, Jylh3, et al., 2018). The level
of software interactivity further shapes the extent of user participation: 360° environments primarily
support information provision and consultation, whereas interactive game-engine-based applications enable

Urban Planning ¢ 2026 « Volume 11 o Article 12687 6


https://www.cogitatiopress.com

S cogitatio

participants to manipulate urban elements in real time and assume a more active role in the planning process
(Goncalves et al., 2026; Schrom-Feiertag et al., 2020). The technological setup also influences the social
dimension of participation: HMDs generally provide individual experiences, while CAVE systems and
stationary installations are better suited to synchronous collaboration, stakeholder dialogue, and
consensus-building (Dembski et al., 2019; Jamei et al.,, 2017; Luo et al., 2025). The key findings are

summarised in Table 2.

Table 2. Synthesis of immersive participation tools.

Key findings of the subcategories

References

Technological evolution of participation tools

A shift from static 2D plans and CAD representations towards immersive
virtual environments can be observed, with VR used as a diagnostic tool.
These tools bridge complex technical planning and citizens’ subjective
experience, reduce cognitive barriers, and enable intuitive, location- and
time-independent participation with higher engagement. Highly immersive
HMD-based VR supports emotional engagement, while desktop VR is more
suitable for spatial learning and orientation. Immersive tools also enable
efficient simulation and evaluation of infrastructure in early planning phases.

(Angulo et al., 2023;

Guler et al., 2024;

Jutraz & Moine, 2016;
J.Lietal, 2021;
Schrom-Feiertag et al., 2020;
Srivastava et al., 2019;

van Leeuwen, Hermans,
Quanjer, et al., 2018)

Perception validation

In virtual environments, vehicle speed is systematically underestimated,
leading users to rely more on spatial distance rather than temporal cues such
as time-to-collision. This shift results in riskier decision-making behaviour
compared to real-world settings. Despite these discrepancies, VR remains a
valid tool for analysing human perception and behaviour and offers a safe
environment to train estimation abilities, particularly for vulnerable groups,
as well as to evaluate the subjective safety of new infrastructures.

(Angulo et al., 2023;
Bhagavathula et al., 2018;
De Oliveira et al., 2025;
Feldstein & Dyszak, 2020;
Maruhn et al., 2020;
Schrom-Feiertag et al., 2019;
Schwarzkopf et al., 2024,
Schwebel et al., 2024)

Multisensory integration

The integration of auditory and olfactory stimuli in immersive environments
increases interaction rates and improves the recall of planning details.
Auditory information is essential for accurately perceiving dynamic processes
such as vehicle acceleration, as purely visual simulations are often
insufficient, particularly in the context of electric vehicles. Multisensory
simulations also enable perspective-taking, for example by simulating the
viewpoint of vulnerable groups, thereby making safety deficits in traffic
environments more tangible.

(Meenar & Kitson, 2020;
Oberfeld et al., 2024;
Schrom-Feiertag et al., 2020)

User-centred barriers

Physiological and cognitive barriers, such as simulation sickness and
increased cognitive load in complex tasks, represent key limitations of
immersive tools. Higher symptom levels have been reported among certain
user groups, although increased realism can mitigate these effects.

(Abu Selo et al., 2025;
Luque et al., 2024)

Methodological aspects

VR environments also influence decision-making and can lead to more
pronounced attitude changes compared to traditional representations.

At the same time, they enable the analysis of qualitative risk aspects, such
as the violation of personal space.

(Hori et al., 2025;
W. Zhu et al.,, 2021)
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In summary, immersive tools integrate subjective safety and perceptual experience into planning processes.
These tools extend beyond visualisation, functioning as instruments of empathy and diagnosis in
decision-making processes. However, the validity of their application is contingent upon the consideration
of perceptual biases, such as speed underestimation, and the integration of multisensory components.
Multisensory integration involves the combination of visual, auditory, and sometimes olfactory stimuli to
create near-real immersive environments, which has been shown to improve the recall of planning details
(Meenar & Kitson, 2020) and reduce perceptual errors (Oberfeld et al., 2024; Wessels & Oberfeld, 2024).

3.2. Content: Urban Decision Context & Experiential Relevance

The category “Content” focuses on the application of tools in urban decision-making and perception
contexts. The fundamental question guiding this research is how these tools capture human perception and
decision-making in urban spaces and how these processes can be used for planning decisions. The key

findings are summarised in Table 3.

Table 3. Synthesis of findings for urban decision context.

Key findings of the subcategories

References

Built environment and planning impact

Infrastructure parameters such as reduced traffic lanes, warm
lighting, and clearly defined pathways decrease stress and
increase perceived safety. While vegetation enhances
well-being, it may obstruct visibility at crossings and increase
stress. VR enables empathy through perspective-taking,
transforming citizens from passive observers into active
contributors to more inclusive and sustainable urban spaces.

(Arshi et al., 2026; Joo et al., 2023;

Kwon et al., 2022; C. Lee et al., 2025;
Llinares et al., 2020; Martinez et al., 2024;
Oberfeld et al., 2022; Pouke et al., 2019;
Shahi et al., 2025; van der Horst &
Peeters, 2021)

Dynamic and multisensory perception

A systematic misperception of vehicle motion exists, as

acceleration is often neglected in time-to-collision estimations.

Visual information dominates over auditory cues. Electric
vehicles are perceived as slower or more distant due to their
acoustic signature (intensity-arrival effect). VR environments
are suitable for simulating such dynamics, even though speeds
may be partially overestimated.

(Krautwurm et al., 2025; Oberfeld et al.,
2022; Pugliese et al., 2020; Schneider et al.,
2022; Wessels et al., 2022; Wessels &
Oberfeld, 2024)

User factors

Individual characteristics such as age, gender, and visual
impairments influence perception, search strategies, and
risk assessment.

(Carrigan et al., 2025; Khademi et al., 2024;
C. Lee et al., 2025; Shahi et al., 2025)

Situational influences

External factors, including digital distraction through
smartphones and reduced visibility due to environmental
conditions such as rain or fog, further affect perception and

(DeLucia et al., 2025; Khademi et al., 2024;
Kwon et al., 2022; Sobhani et al., 2017;
Wessels & Oberfeld, 2024;

increase uncertainty. Assistance systems, such as vehicle-based M. Zhu et al., 2025)

light signals, can support the correction of perceptual errors,
provided they do not introduce additional distractions.

The findings indicate that perception-oriented planning is crucial for transcending conventional visual
designs. The integration of data on human estimation accuracy and individual vulnerabilities into immersive
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tools facilitates the identification of planning errors at an early stage, thereby enhancing intuitive safety and
inclusivity in urban spaces.

3.3. Sustainability: Data Economy & Critical Digitalisation Perspective

The findings for the last category, “Sustainability,” are summarised in Table 4, outlining the economic, social,

and ecological dimensions of sustainability, as well as key challenges related to digital participation.

Table 4. Synthesis of findings for sustainability and digitalisation.

Key findings of the subcategories

References

Economic dimension

The early identification of planning errors in digital models has been
shown to facilitate the avoidance of costly redesign processes. Digital
twins have the potential to reduce the necessity for physical testing by up
to 64%. The utilisation of open-source software (e.g., Blender, Unreal
Engine) facilitates cost-effective production, thereby reducing economic
barriers for municipalities.

(Dorostkar & Ziari, 2025;
Kavouras et al., 2025;
Schwarzkopf et al., 2023;
Shrestha & Maharjan, 2019;

van Leeuwen, Hermans, Quanijer,
et al,, 2018)

Social dimension

Immersive technologies reduce cognitive barriers by acting as a “common
language” instead of technical jargon. They increase citizen engagement
and strengthen democratic quality through improved understanding of
planning proposals. Simulated environments support preventive traffic
safety, particularly for vulnerable groups. Inclusion can be enhanced
through Al-supported feedback systems and low-cost hardware solutions
(e.g., carton glasses).

(Gower et al., 2023;
Lopez-Alvarez et al., 2024; Nawaz
et al., 2025; Rautanen et al,,
2025; Schewenius & Wallhagen,
2024, Szczepanska et al., 2021,
van Leeuwen, Hermans, Quanijer,
et al., 2018)

Ecological perspective

Digital twins facilitate precise monitoring of environmental indicators,
including emissions and microclimate, in real time. The utilisation of
VR-based visualisations has been demonstrated to enhance
environmental awareness and foster emotional attachment to green-blue
infrastructure. Data-driven approaches have been demonstrated to
support the optimisation of cycling infrastructure and the promotion of
emission-free mobility in virtual environments.

(Dembski et al., 2019; Disser &
Rippel, 2025; Dorostkar & Ziari,
2025; Schewenius &
Wallhagen, 2024)

Key challenges and barriers

The immersion-equity paradox highlights the risk of a digital divide for less
technologically experienced groups. Concerns exist regarding
transparency and potential bias in digital models. Technical limitations
include high hardware requirements and simulation sickness. Institutional
barriers, such as limited expertise and rigid administrative structures,
hinder the implementation of digital participation.

(Dorostkar & Ziari, 2025; Gower
et al., 2023; Kavouras et al., 2025;
Schewenius & Wallhagen, 2024;
Schwarzkopf et al., 2024;
Szczepanska et al., 2021)

The scoping review identified a methodological gap between behavioural perception research and
real-world citizen participation in urban planning, as perception-oriented approaches are only rarely
integrated. Immersive technologies reduce planning complexity by translating abstract information into
experiential environments and enabling intuitive evaluation. At the same time, perceptual discrepancies,
such as differences in speed perception between real and virtual environments, define requirements for
digital tool design. Overall, immersive technologies function as a bridge between technical planning, human
perception, and sustainable urban development. It becomes evident that instruments designed to facilitate
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digital participation must be developed in such a way as to make perceptual barriers visible without creating
new technological barriers to access.

4. Discussion

This work examines how perception-related aspects of traffic situations, particularly pedestrians’ vehicle
speed perception, can be integrated into digital participation in urban and transport planning. The findings
reveal a methodological gap in current participatory planning approaches and suggest that immersive digital
participation tools may better represent experiential aspects of urban environments. A central finding of the
scoping review is the shift from static visual representations to immersive, experience-oriented tools
(Guler et al., 2024; Jutraz & Moine, 2016; Schrom-Feiertag et al., 2020). These tools enable citizens to
explore planning scenarios more intuitively while reducing cognitive barriers (Guler et al., 2024; Jutraz &
Moine, 2016).

Immersive tools function as a bridge between expert-driven planning and citizens’ subjective experience
(J. Li et al., 2021). This bridging function is particularly relevant in mobility planning, where infrastructure
acceptance is often shaped more by perceived safety than by objective safety indicators (Gotschi et al.,
2018; Winters et al., 2012). However, the findings of the review also highlight that immersive tools should
not be seen as neutral representations of reality. Perceptual judgements in VR environments differ from
those in real-world settings. Specifically, vehicle speed is frequently underestimated in VR (Angulo et al.,
2023; Feldstein & Dyszak, 2020; Schrom-Feiertag et al., 2019). In addition, pedestrians rely more on spatial
distance cues than on temporal indicators such as time-to-collision when making crossing decisions (Angulo
et al., 2023; Bhagavathula et al., 2018).

This inconsistency can be attributed both to methodological diversity and to a multitude of influencing
factors. Beyond individual characteristics such as age, gender, or driving experience (Ambros et al., 2021;
Babic¢ et al., 2022; Feldstein & Peli, 2020), vehicle-specific attributes, including size and type (Feldstein &
Dyszak, 2020; Y. M. Lee & Sheppard, 2017; Mathieu et al., 2017), significantly shape speed perception
through phenomena like the size-arrival effect. Behavioural indicators such as gap acceptance and
time-to-arrival (Beggiato et al., 2017) also interact with contextual information, including traffic signs,
lighting, weather conditions, and overall traffic volume, to determine how dynamic situations are assessed
(Babic et al., 2022; Dong et al., 2022; Kim et al., 2017; Shi et al., 2020).

These perceptual discrepancies may encourage riskier behaviour and smaller safety margins. Technical
limitations of immersive technologies such as VR, including low resolution and restricted fields of view, can
hinder accurate looming perception (De Oliveira et al., 2025; Feldstein & Dyszak, 2020; Luque et al., 2024;
Maruhn et al., 2020). Furthermore, the absence of multisensory integration, particularly realistic acoustic
signals, fosters an erroneous first-order estimation strategy where acceleration is disregarded (Oberfeld
et al., 2024; Wessels & Oberfeld, 2024). A reduced sense of presence, often described as “place illusion,” can
lower perceived threat levels and encourage hazardous crossing decisions (Bhagavathula et al., 2018;
Feldstein & Dyszak, 2020). To avoid misinterpretation of behavioural responses, immersive environments
must be designed and validated through multisensory cues, as auditory information is relevant for estimating
acceleration and vehicle approach (Oberfeld et al., 2024; Wessels & Oberfeld, 2024), and enhancing the
recall of planning scenarios (Meenar & Kitson, 2020).
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Immersive environments support the preventive testing of infrastructure prior to implementation, allowing
planners to evaluate subjective safety, place quality, and behavioural responses in a controlled setting
(Angulo et al., 2023; Schrom-Feiertag et al., 2020; Schwarzkopf et al., 2023; W. Zhu et al., 2021).
The scoping review demonstrates that physical characteristics, such as lighting, visibility, street layout, and
vegetation, significantly shape perceived safety and comfort in urban spaces (Kwon et al., 2022; Llinares
et al., 2020; Martinez et al., 2024; Shahi et al., 2025). By enabling planners to compare alternative design
configurations before implementation, immersive tools support more resource-sensitive planning (Martinez
et al., 2024; Schwarzkopf et al., 2023, 2024; van Leeuwen, Hermans, Quanjer, et al., 2018). This approach
can reduce the need for costly physical testing and avoid repeated planning cycles or misaligned
infrastructure decisions (Dorostkar & Ziari, 2025; Levy, 2010; Schwarzkopf et al., 2023; Shrestha &
Maharjan, 2019).

Furthermore, immersive tools enhance the reach of participation by facilitating perspective-taking.
Experience-oriented formats allow users to experience environments from the viewpoints of vulnerable
groups, thereby strengthening empathy and supporting a more inclusive understanding of urban design
(Schrom-Feiertag et al., 2020; van der Horst & Peeters, 2021).

However, the scoping review also highlights potential sustainability challenges. Immersive systems require
specialised hardware, technical expertise, and institutional capacities that are not always available in municipal
planning contexts (Goncalves et al., 2026; Kavouras et al., 2025; Simonofski et al., 2024). Without integration
into existing governance structures, there is a risk of creating digital waste through extensive visualisation
models that are not effectively utilised in final decision-making processes.

In addition to the challenges posed by institutional frameworks, the integration of immersive tools into
various contexts gives rise to political and ethical considerations. High-fidelity visualisations may create an
appearance of democratic legitimacy while decision-making authority remains largely technocratic. This may
privilege communities with greater technical capacity while marginalising local everyday knowledge (Chan,
2025; Goncalves et al., 2026). Moreover, the aggregation of behavioural data necessitates the establishment
of robust frameworks to address the “privacy paradox.” This is characterised by the phenomenon whereby
users trade sensitive information for immediate benefits, within the context of current legal ambiguities
(Nizamani et al., 2026; Shakibamanesh et al., 2024; Shariatpour et al., 2025). Ensuring inclusivity requires the
systematic removal of accessibility barriers that may limit participation in immersive environments. This
involves complementing visually oriented interfaces with multimodal interaction options and adopting plain
language standards to accommodate individuals with sensory or cognitive impairments (Hofmann et al.,
2020; Labbé et al., 2023; Luo et al., 2025). The unequal distribution of digital resources, reflected in the high
cost of hardware and the strong urban focus of current research, risks further marginalising rural
communities that often lack both adequate infrastructure and the digital literacy required to benefit from
immersive technologies (Luo et al., 2025; Shakibamanesh et al., 2024). To better capture the experiential
depth that may not be fully reflected in immersive environments alone, future studies could adopt
mixed-method approaches (Luo et al., 2025). Combining qualitative methods, including post-immersion
interviews, ethnographic observations, and think-aloud protocols (Pouke et al., 2019; Rautanen et al., 2025;
Szczepanska et al., 2021; van der Horst & Peeters, 2021), with neurophysiological measures such as EEG can
provide complementary insights into both subjective experiences and unconscious responses (Llinares et al.,
2020; Luque et al., 2024).
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To bridge the identified gap between research-driven pilots and municipal practice, several implementation
strategies and policy recommendations emerge from this scoping review. First, public administrations should
institutionalise interdisciplinary frameworks, such as urban living labs, which can serve as formal operational
frameworks and place-based intermediaries (Shariatpour et al., 2025). Following Chronéer et al. (2019),
these labs are essential as they facilitate the open co-creation of solutions by engaging diverse stakeholders,
including the public sector, private industry, and citizens, within a real-world setting. A structured ecosystem
allows urban living labs to enhance the connection between digital models and the urban environment,
supporting the transition of VR tools from experimental pilot projects to integrated planning instruments
(Dorostkar & Ziari, 2025; Shariatpour et al., 2025).

Beyond institutionalisation, municipalities must establish clear regulatory guidelines regarding data
transparency and the ethical use of algorithms to maintain public trust in digital governance (Berigliete et al.,
2024; Othengrafen et al., 2025).

To resolve the immersion-equity paradox and thereby minimise the risk of widening the digital divide, a
tiered infrastructure approach is proposed. Establishing stationary VR hubs in underserved or marginalised
neighbourhoods can lower entry barriers before expanding to city-wide mobile or web-based applications
(Dorostkar & Ziari, 2025). Immersive tools should also function as a complementary layer within hybrid
participation models, maintaining traditional analogue formats and two-dimensional plans to ensure that
citizens with limited digital literacy remain included (Goncalves et al., 2026; Jutraz & Moine, 2016).
The practical success of such formats also depends on the presence of trained facilitators. On-site support
has been shown to increase user confidence and the reliability of citizen feedback (Schwarzkopf et al., 2023;
van Leeuwen, Hermans, Quanjer, et al., 2018).

For seamless process integration, immersive tools should be employed in the early conceptual planning
phases, where they can most effectively identify design conflicts and optimise resources prior to physical
implementation (Schwarzkopf et al., 2023). While Al-supported tools have the capacity to assist planners in
the management of large volumes of qualitative feedback, for instance through automated speech
recognition for transcription or thematic clustering, these should be regarded as supplementary instruments
requiring human oversight to ensure accountability (Othengrafen et al, 2025; Rautanen et al., 2025).
Long-term acceptance also depends on transparent communication. Planners should clearly communicate
which immersive elements are technically feasible to avoid unrealistic public expectations, disappointment,
and declining acceptance (Gower et al., 2023; Schrom-Feiertag et al., 2020).

Despite the contributions of this study, limitations should be acknowledged. As no independent duplicate
screening was conducted, the single-researcher approach may have increased the risk of reviewer-related
bias. However, the resulting synthesis and interpretation of the findings were reviewed and validated by all
co-authors. Furthermore, the reviewed studies vary in design, context, and methodology, which limits direct
comparison. Additionally, as no formal quality assessment was performed, studies with varying empirical
rigour are synthesised with equal weight. This absence of critical appraisal requires caution when translating
experimental results into planning processes. Consequently, the findings should be interpreted as a
conceptual map of research rather than an evaluation of the effectiveness of specific immersive tools.
The review also applied specific inclusion criteria related to immersive participation and perceptual
relevance, excluding potentially relevant studies.
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Future research should investigate the validity of immersive participation tools with a particular focus on
perceptual offsets to correct for the systematic underestimation of vehicle speed. Moreover, immersive
participation formats should be designed to minimise digital exclusion and reduce barriers related to
technical complexity. Multisensory integration and user experience in immersive environments may enhance
the realism and usability of such tools. Finally, future work should examine the integration of immersive
participation tools into existing planning procedures and governance structures without reinforcing
techno-deterministic assumptions or opaque decision-making processes.

5. Conclusion

The findings of this PRISMA-guided scoping review identify a significant methodological gap between
perception-oriented research and current participatory planning practices. We conclude that immersive
participation tools can bridge this gap by translating abstract planning proposals into experiential
environments. By making pedestrians’ speed perception and subjective safety visible, these tools support
more informed and inclusive urban design decisions. These tools should not be understood solely as
technological innovations but as instruments that bridge expert-driven planning and citizens' lived
experience. To be effective, however, they must complement rather than replace existing participation
strategies. Moreover, immersive participation enables resource-efficient planning through the early
evaluation of planning scenarios, helping to identify design conflicts prior to physical implementation.
The successful integration of these tools requires a critical reflection on accessibility and transparency.
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