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Featured Application

The proposed human-centred framework can support the design and evaluation of digital
risk communication interfaces by systematically aligning risk characteristics, representa-
tion modalities, interface technologies, interaction strategies, target users, and intended
communication outcomes. It can be applied across domains such as healthcare, natural
hazards, environmental risk, industrial safety, transport, and cybersecurity.

Abstract

Digital risk communication increasingly relies on interactive technologies to transform
complex, uncertain, and probabilistic information into forms that can support human
understanding and decision-making. Yet the literature is fragmented across application
domains, technologies, and interaction paradigms. This scoping review maps how digital
and interactive technologies are used to communicate, represent, visualize, or enable users
to experience risk, with particular attention to the relationships among risk type, repre-
sentation, interface, interaction, target users, and outcomes. Eligible sources described a
human-facing digital or interactive risk communication solution, and study characteristics
were charted using an eight-dimension taxonomy. Searches of Scopus, Web of Science Core
Collection, and PubMed identified 457 records. After removing 119 duplicates, 338 unique
records were screened; 258 were retained for eligibility assessment. The final synthesis
included 199 studies after the removal of one retracted source, with 57 records excluded
during eligibility adjudication and one report not retrieved. Data visualization was the
most frequent interface family (n = 122), followed by VR/AR/XR and web/mobile inter-
faces (both n = 46). Healthcare/public health (n = 87) and natural hazards/disaster (n = 67)
dominated the corpus, while interactive exploration was the most common interaction
mode (n = 82). The synthesis shows that technology alone does not explain digital risk
communication: effectiveness depends on how risk is represented, how users interact
with the interface, who the users are, and which outcomes are targeted. A human-centred
framework—Risk — Representation — Interface — Interaction — User — Outcome—is
proposed to support the analysis, design, and iterative evaluation of future risk communi-
cation interfaces.
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1. Introduction

Risk communication is central whenever citizens, patients, professionals, or decision-
makers must interpret information characterized by probability, uncertainty, and possible
future consequences and translate it into appropriate decisions or behaviours. Risk commu-
nication is therefore not merely the transmission of technical information; it also depends on
how recipients understand, evaluate, and use that information [1,2]. This challenge spans
heterogeneous application domains, including healthcare and public health, natural and
environmental hazards, industrial and occupational safety, transport, and cybersecurity.
It is intensified by the fact that risk is often probabilistic, dynamic, multidimensional, or
not directly observable, and by evidence that comprehension is influenced by the way
probabilities and uncertainty are presented [3,4].

The development of digital technologies has substantially broadened the means avail-
able to address this problem. Traditional textual and numerical communication is increas-
ingly complemented by graphical and interactive representations, maps and geovisual-
izations, dashboards, web and mobile applications, decision aids, virtual and augmented
reality, conversational agents, and sensor-based interfaces. Domain-specific reviews have
documented the growing use of artificial intelligence and virtual reality in doctor—patient
risk communication, dashboards for public health data, and geovisualizations for environ-
mental health hazards [5-7].

However, the increasing availability of digital technologies raises a fundamental
design question: communication effectiveness cannot be inferred from the technology
alone. Research on risk representation has shown that numerical, verbal, and visual
formats may produce different levels of understanding, perception, and response, and
that specific graphical design choices can alter how information is interpreted [3,8,9]. A
dashboard, for example, may communicate risk through probabilities, charts, colours, maps,
alert levels, or combinations of these elements. It may provide static information or allow
users to explore alternative scenarios, receive contextual feedback, or access personalized
content. Experimental evidence from data-based dashboards in animal-health management
shows that traffic-light and sequential colour schemes can influence information recall and
decision certainty [10].

The problem therefore extends beyond identifying which technologies are used for
risk communication. It also requires understanding how risk is represented, through which
interface, with what degree of interaction, for which user, and with what intended purpose.
Recent HCI studies illustrate this point: interactive interfaces can support informed privacy
decisions [11], visualizing the risk of accessibility barriers can influence route planning by
people with mobility impairments [12], and augmented reality can make a dynamic risk
field perceptible in real time during human-robot collaboration [13].

From this perspective, digital risk communication can be interpreted as a human-
centred interface design problem. Technology is only one layer of the communication
process; effectiveness emerges from the relationship among risk content, representational
form, interface characteristics, interaction modality, and the characteristics of the intended
user [4,11-13]. At least six dimensions therefore need to be considered jointly: the risk
itself, the representation, the interface, the interaction, the user, and the intended outcome.
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The existing literature nevertheless tends to focus on specific technologies or individual
application domains. Reviews on Al and VR in surgical risk communication, public health
dashboards, and geovisualizations for environmental hazards are important within their
respective fields [5-7], but they make it difficult to identify design dimensions that are
transferable across domains. A cross-domain synthesis is therefore needed to separate
technology type from representation and interaction and to identify recurring human-
centred design patterns.

Accordingly, this scoping review aims to

1. Identify the main application domains in which digital technologies are used for
risk communication;

Classify the main interface families and risk representation modalities;

Analyze the interaction modes between users and systems;

Identify the main target users and communication outcomes;

ARl

Propose a human-centred framework describing the design process of risk communica-
tion interfaces through the sequence Risk — Representation — Interface — Interaction
— User — Outcome.

The objective is therefore not only to map existing technologies but also to derive a
conceptual structure that can support the design and evaluation of future human-machine
interfaces for risk communication.

2. Materials and Methods
2.1. Review Design

A scoping review was conducted to identify, classify, and synthesize digital and
interactive technologies used for risk communication across different application domains.
Particular attention was paid to how risk information is represented and made accessible to
users, the interface technologies through which it is delivered, and the forms of interaction
enabled by those systems.

A scoping-review design was selected because of the breadth and heterogeneity
of the field and the need to map concepts, approaches, and characteristics distributed
across multiple application areas. The methodological approach was informed by the
original scoping-study framework and subsequent methodological refinements [14-16].
The objective was not to quantitatively compare intervention effectiveness but to map the
available solutions, identify their main characteristics, and derive cross-cutting analytical
dimensions. This scoping review was conducted and reported in accordance with the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses Extension for Scoping
Reviews (PRISMA-ScR) [17]. The review protocol was not prospectively registered.

2.2. Information Sources and Search Strategy

The bibliographic search used Scopus, Web of Science Core Collection, and PubMed to
provide multidisciplinary coverage of research on risk communication and digital or inter-
active technologies. The final searches and database exports were completed on 10 August
2026. Across the three databases, 457 records were identified: 331 from Scopus, 50 from Web
of Science, and 76 from PubMed. Database-specific syntax was adapted to each platform
while preserving the same two-block conceptual structure. The first block captured risk com-

”ou ”ou

munication and representation terms (“risk communication”, “risk information”, “risk visu-
alization”, “risk visualisation”, “risk representation”, and “risk display”). The second block
captured human-machine /human—computer interfaces and digital or interactive forms of
risk presentation, including user and graphical interfaces, information/data/interactive
visualization, geovisualization, dashboards, virtual/augmented /mixed/extended reality,

conversational agents, and chatbots. Publications from 2018 onward were considered.
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In Scopus, the terms were searched in titles, abstracts, and keywords (TITLE-ABS-KEY),
with the restriction PUBYEAR > 2017. Equivalent database-specific field tags and date
restrictions were used in Web of Science Core Collection and PubMed. To improve repro-
ducibility, the complete database-specific search strategies are reported in Supplementary
Table S1. The Scopus query is reproduced verbatim from the retained search history. For
Web of Science Core Collection and PubMed, the literal historical search strings were not
archived; therefore, database-specific queries were reconstructed from the retained term
sets, search fields, publication date limits, language restriction, and original record counts
used in the review. These reconstructed expressions are explicitly identified as such and
are provided to enable replication of the implemented search logic without implying that
they are verbatim exports of the original platform search histories. Table 1 summarizes the
information sources, search fields, core search logic, and number of records retrieved from
each database.

Table 1. Information sources and search framework.

Database Primary Search Fields Core Search Logic Records
Scopus Title, abstract, Risk communication/representation x 331
P keywords HClI/interface/visualization technologies; PUBYEAR > 2017
Web of Science Topic fields Equivalent two-block Boolean structure adapted to WoS 50
Core Collection p syntax; 2018-2026
PubMed Title/ Abstract Equivalent two-block Boolean structure adapted to PubMed 76

syntax; 2018-10 August 2026

Note: The two conceptual search blocks were kept constant across databases, while field tags,
platform-specific operators, and date restrictions were adapted to each database. Total records
identified = 457.

2.3. Deduplication and Preliminary Screening

The 457 records were deduplicated before screening by comparing normalized DOI
values and normalized titles. A total of 119 duplicate records were removed, leaving
338 unique records. Title-and-abstract screening then excluded 80 records. Title-and-
abstract screening was independently performed by three reviewers (E.V.,, M.M., and A.G.);
disagreements were resolved by discussion until consensus was reached. The remaining
records were provisionally categorized as Include (n = 173) or Maybe (n = 85); both
categories were retained for a more restrictive eligibility assessment, resulting in a corpus
of 258 records.

2.4. Eligibility Criteria

Studies were considered eligible when they investigated, developed, evaluated, or
applied a digital or interactive technology through which risk-related information was
intentionally communicated, represented, visualized, or experienced by human users to
support understanding, awareness, perception, decision-making, or behavioural response.
For the purposes of this review, digital risk communication was operationally defined
as the intentional human-facing mediation of risk-related information through a digital
or interactive interface, whereby a risk, hazard, exposure, uncertainty, vulnerability, or
potential consequence was made perceptible or actionable to a human recipient. General
risk-assessment, prediction, optimization, or control systems were excluded when risk
was only computed internally and was not explicitly communicated to a human user.
Decision-support systems were eligible only when the interface explicitly represented or
communicated risk information, rather than merely providing a recommendation or control
output. Similarly, general data-visualization systems were eligible only when risk itself
constituted an explicit communication object. Empirical and non-empirical contributions
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were eligible when they provided sufficient information on a concrete human-facing digital
risk communication solution or on its design and evaluation. The search and eligibility
assessment were restricted to publications in English. No restriction was imposed on study
design; journal articles and conference contributions, as well as review /framework and
protocol/planned-evaluation publications, were eligible when they met the substantive
inclusion criteria. The English-language restriction was applied to ensure consistent screen-
ing and coding across the review team. The operational inclusion and exclusion criteria
applied during eligibility assessment are summarized in Table 2.

Table 2. Operational eligibility criteria used in the final screening stage.

Criterion Include Exclude
A risk, hazard, exposure, uncertainty, Risk is only computed, predicted, modelled,
Risk content vulnerability, or consequence is or assessed without human-facing
communicated to a human user. communication.

Technology/interface

A digital or interactive technology is used to

Technology is present but unrelated to risk

present, visualize, explain, or enable L .
communication or representation.

experience of risk.

Human-facing
function

The interface supports understanding,

. - . Risk perception is measured without a
awareness, perception, decision-making,

communication interface or intervention.

situational awareness, or protective response.

Communication object

Transferability

The study concerns designed The study only analyses discourse,
communication/representation of messages, or communication content
risk information. without a designed interface/intervention.
For cross-domain or atypical applications, all ~ General relevance to interface design alone
preceding risk communication criteria are is insufficient. Applications that do not
satisfied and the human-facing interface satisfy the preceding human-facing risk
contains design characteristics that can be communication criteria are excluded
mapped to the review taxonomy. regardless of their potential transferability.

Transferability was therefore not used as an independent route to inclusion. It served
only as a scope check for cross-domain applications after the substantive risk-content,
technology/interface, human-facing function, and communication-object criteria had
been satisfied.

2.5. Eligibility Assessment

The 258 retained records underwent stricter eligibility adjudication using the opera-
tional criteria in Table 2. A final eligibility decision based on title-and-abstract information
alone was made only when the available information was sufficient to positively establish
all mandatory inclusion criteria. Whenever any criterion remained uncertain—particularly
the intentional human-facing function, the communication object, or cross-domain scope
relevance—the full text was retrieved and assessed before a final decision was made. Lack
of information in the title or abstract was not treated as evidence for exclusion. This con-
servative procedure was intended to minimize false exclusions while directing full-text
assessment to records for which eligibility could not be established unambiguously from
bibliographic information. Eligibility adjudication was independently performed by three
reviewers (E.V.,, M.M.,, and A.G.), with any disagreements resolved through discussion
until consensus was reached. The eligibility assessment resulted in 200 eligible studies
and 57 excluded studies; one report could not be retrieved and therefore remained un-
resolved. Following eligibility assessment, one of the 200 eligible studies was identified
as retracted and was removed from the evidence synthesis. The final analytical corpus
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therefore comprised 199 studies. The overall identification, screening, eligibility, and final
inclusion process is summarized in Figure 1.

Records identified from databases (n = 457)
Scopus (n = 331); Web of Science Core Collection (n = 50); ——>
PubMed (n = 76)

Duplicate records removed
(n=119)

l

Unique records after deduplication (n = 338)

Records excluded at title-

Records screened by title and abstract (n = 338) — and-abstract screening

(n=80)

Records retained for eligibility adjudication (n = 258)
Include (n = 173); Maybe (n = 85)

l Records excluded after
o o . X o eligibility adjudication
Eligibility adjudication using operational criteria —> (n=57)

Title-and-abstract evidence used only when all mandatory
criteria were clear; full text assessed whenever
eligibility remained uncertain.

\ Report not retrieved

l (n=1)

. " f—— — Retracted source removed
Studies meeting eligibility criteria (n = 200) —> before final synthesis

(n=1)

Studies included in the final synthesis (n = 199)

Note. The process followed PRISMA-ScR. One source initially meeting the eligibility criteria was subsequently identified as retracted and removed before the final evidence synthesis.

Figure 1. PRISMA-ScR flow diagram of the study-selection process. Eligibility adjudication used
title-and-abstract evidence only when all mandatory inclusion criteria could be established from the
available information; targeted full-text assessment was performed whenever eligibility remained
uncertain. Of the 200 studies meeting the eligibility criteria, one source was subsequently identified
as retracted and removed prior to the final evidence synthesis, resulting in a final analytical corpus of
199 studies.

2.6. Data Extraction and Classification

For each study included in the final analytical corpus, bibliographic information and
design-relevant characteristics were extracted. Data were charted using a standardized
extraction framework corresponding to the eight analytical dimensions reported in Table 3.
The final taxonomy comprised eight dimensions: Primary Domain, Risk Type, Interface
Family, Representation Modality, Interaction Mode, Target User Group, Communication
Purpose, and Evidence Type. Primary Domain, Risk Type, and Evidence Type were coded
as single-label dimensions, while Interface Family, Representation Modality, Interaction
Mode, Target User Group, and Communication Purpose were multi-label dimensions
because one study could combine several technologies, representations, user groups, or
communication purposes.

Data extraction and initial classification were distributed among three reviewers (E.V.,
M.M., and A.G.), each responsible for coding a subset of the included studies according to
the taxonomy in Table 3.

Following distributed coding, a cross-check audit was conducted in which each of
the three reviewers examined a sample of the classifications assigned by the other two,
with all flagged or uncertain cases discussed jointly by E.V.,, M.M., and A.G. Classifications
confirmed without modification during this process were rated high-confidence; those
revised following discussion were rated medium-confidence; persistent disagreements
after discussion would have been rated low-confidence.
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The cross-check audit was initially conducted on the 200 studies meeting the eligibility
criteria. Following removal of the retracted source, the final analytical dataset comprised
199 studies. After the audit, 194 records were rated high-confidence and five medium-
confidence; no low-confidence classifications remained. The High/Medium confidence
labels represent post-adjudication classification confidence and should not be interpreted
as an inter-rater agreement statistic. A formal coefficient such as Cohen’s or Fleiss” kappa
was not calculated because initial study coding was distributed among the three reviewers
rather than performed independently in parallel by all reviewers for the complete corpus.
Consequently, a retrospective kappa calculated from consensus-adjudicated classifications
would not provide a valid estimate of independent agreement. Coding reliability was in-
stead supported through predefined category definitions, cross-checking of classifications,
and consensus adjudication of all flagged or uncertain cases. The audited taxonomy was
used for all quantitative results reported below. No formal critical appraisal of individual
sources of evidence was performed, as the purpose of the scoping review was to map the
characteristics and design patterns of the available evidence rather than to assess interven-
tion effectiveness. Authors of the included sources were not contacted for additional or
missing information.

Table 3. Analytical taxonomy used for study-level data extraction and synthesis.

Dimension

Purpose Examples Coding

Healthcare/public health; natural hazards;

Primary Domain Main application context industrial safety; transport; environmental; Single-label
cybersecurity
. f th linical; epi ic; i 1 ; .
Risk Type Natur? of t e Clinica epldermc. env1ronmente.1 exposure Single-label
communicated risk natural hazard; privacy; occupational safety
Interaction Mode How the gser enga.ges with Static; 1nfceract1ve explo.ratlon; 1mmferswe,' Multi-label
risk information real-time; conversational; adaptive

Target User
Group

Intended human recipient

Public; patient/caregiver; professional;

Multi-label
operator; manager

Interface Family

Technological interface
through which risk is

Data visualization; dashboard; web/mobile; XR;

geovisualization; chatbot; sensor display Multi-label

communicated

Form in which risk

Represent.atlon information is made Graphical; numeric; .textual; sPatlal; Warning cue; oo
Modality . immersive; multimodal
perceptible
Communication Intended cognitive, decision, Awareness; comprehension; decision support; .
A . . .. Multi-label
Purpose or behavioural effect protective action; training
. Empirical user/field study; observational study;
. Type of evidence generated 7 i .
Evidence Type prototype development; review /framework; Single-label

by the study protocol/planned evaluation

2.7. Data Synthesis and Framework Development

Absolute frequencies and percentages were calculated for single-label dimensions
using the 199 studies in the final analytical corpus as the denominator. For multi-label
dimensions, frequencies indicate the number of studies in which each characteristic was
present; totals therefore may exceed the number of included studies. A Domain x Interface
Family matrix was constructed to examine how interface families were distributed across
application contexts. The quantitative synthesis was complemented by qualitative com-
parison of recurring design relationships among risk representation, interface technology,
interaction, users, and outcomes.
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Framework development followed a three-step synthesis procedure. First, the eight
taxonomy dimensions were examined according to whether they described the appli-
cation context, a component of the human-facing communication process, the intended
effect of communication, or a methodological characteristic of the evidence. Second, di-
mensions directly describing the communication process were mapped onto six design
components: Risk Type — Risk; Representation Modality — Representation; Interface
Family — Interface; Interaction Mode — Interaction; Target User Group — User; and Com-
munication Purpose — Outcome. Third, cross-dimensional patterns and representative
studies were examined to assess whether these components formed a coherent design se-
quence across application domains. Primary Domain was not incorporated as a framework
component because it describes the context in which communication occurs rather than a
functional element of the communication process. Evidence Type was likewise excluded
because it characterizes how evidence was generated rather than how risk is communicated.
Risk Type was mapped to Risk because it defines the substantive risk, hazard, exposure,
uncertainty, vulnerability, or consequence that constitutes the object of communication.
Communication Purpose was mapped to Outcome because it captures the intended cog-
nitive, perceptual, decisional, or behavioural effect of the communication process; where
studies directly measured such effects, these were interpreted as empirical instantiations of
Outcome. The resulting framework was therefore derived from the analytical taxonomy
and cross-dimensional synthesis rather than imposed a priori.

3. Results
3.1. Study Selection and General Characteristics

Following the removal of one retracted source, the final synthesis comprised
199 studies. Healthcare/public health was the largest application domain (n = 87; 43.7%),
followed by natural hazards/disaster (n = 67; 33.7%). Industrial /occupational safety and
transport/public safety each accounted for 10 studies (5.0%), environmental applications
for nine (4.5%), cybersecurity / privacy for nine (4.5%), and other/cross-domain applications
for seven (3.5%). The distribution by primary domain is shown in Figure 2.

Natural hazards / disaster_ 67 (33.7%)
Industrial / occupational safety - 10 (5.0%)
Transport / public safety - 10 (5.0%)
Environmental - 9 (4.5%)
Cybersecurity / privacy - 9 (4.5%)
Other / cross-domain - 7 (3.5%)

0 T T T T 1
0 20 40 60 80 100
Number of included studies

Figure 2. Distribution of the 199 included studies by primary application domain. Primary domain
was coded as a mutually exclusive category.

Publication activity increased overall across the 2018-2026 period. The number of
included studies rose from eight in 2018 to 33 in 2025 and 43 in 2026 (Figure 3). Because the
final search was completed in August 2026, the 2026 count represents a partial publication
year and should not be interpreted as a complete annual total. Study-level characteristics
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and classifications for all 199 included sources of evidence are provided in Supplementary
Table S2.

50 q

40

w
=]

N
o

Included studies

101

2026 includes records available at the final search date

2018 2019 2020 2021 2022 2023 2024 2025 2026
Publication year

Figure 3. Publication trend of the included studies. The 2026 value reflects publications available up
to the final search date in August 2026.

3.2. Interface and Technology Families

Data visualization was the dominant interface family, identified in 122 studies (61.3%).
VR/AR/XR and web/mobile interfaces were each present in 46 studies (23.1%), followed
by map/geovisualization (n = 35; 17.6%), conversational Al/chatbots (n = 26; 13.1%), and
dashboards (n = 20; 10.1%). Decision aids/risk calculators were identified in 14 studies
(7.0%), other digital interfaces in 13 studies (6.5%), multimodal/haptic interfaces in eight
(4.0%), and sensor/ambient displays in three (1.5%). These categories were multi-label and
therefore are not mutually exclusive (Figure 4).

Data visualization o 122
VR/AR/XR ©® 46
Web / mobile interface ® 46
Map / geovisualization e 35
Conversational Al / chatbot ® 26
Dashboard ® 20

Decision aid / risk calculator e 14

Other digital interface e 13
Multimodal / haptic interface es8

Sensor / ambient display @ 3
6 2‘0 4'0 6'0 8'0 160 150
Number of studies (multi-label coding)

Figure 4. Interface and technology families identified in the included studies. Counts are multi-label;
a study may contribute to more than one category.
3.3. Cross-Domain Interface Patterns

Interface adoption differed across application domains. In healthcare/public health,
data visualization was the most frequent family (n = 50), followed by web/mobile interfaces
(n =23) and conversational Al/chatbots (n = 18). Natural-hazard/disaster applications
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showed a different profile, combining data visualization (n = 46), VR/AR/XR (n = 33), and
map/geovisualization (n = 22). This reflects the importance of spatial and scenario-based
communication in disaster contexts. The complete domain X interface matrix is shown in
Figure 5, while Table 4 provides exact counts for the six most prevalent interface families.

Table 4. Distribution of the six most prevalent interface families across primary application domains.

Dimension Data Vis. VR/AR/XR  Web/Mobile Map/Geovis. Conv. AI Dashboard
Healthcare/public health 50 7 23 6 18 11
Natural hazards/disaster 46 33 15 22 3 5

Industrial /occupational safety 8 3 1 2 0 2
Transport/public safety 7 1 3 5 0 0
Environmental 4 1 2 0 3 0
Cybersecurity/privacy 3 0 1 0 1 0
Other/cross-domain 4 1 1 0 1 2

Primary application domain

Healthcare / public health

Natural hazards / disaster

Industrial / occupational safety

Transport / public safety -

Environmental

Cybersecurity / privacy 4

Other / cross-domain

Column total

Note: Cells report multi-label counts. Because one system can combine multiple interface families,
row totals may exceed the number of studies assigned to that domain.

Domain x Interface Family

Row
total

80

70

33 15 22 3 5 1 2 1 0 128

60

v
o

Number of studies

- 40
4 1 2 0 3 0 0 0 0 1 1
F30
3 0 1 0 1 0 0 5 0 0 10
20
4 1 1 0 1 2 0 0 0 0 9
r10
122 46 46 35 26 20 14 13 8 3 333
T T T T T T T T T T —0
Data VR/AR/ Web / Map / Conversational Dashboard  Decision aid /  Other digital ~ Multimodal / Sensor /
visualization XR mobile geovisualization Al / chatbot risk calculator interface haptic ambient

Interface family

Figure 5. Heatmap of the Domain X Interface Family matrix. Cells report multi-label study counts;
marginal totals refer to interface-family assignments and may therefore exceed the number of
unique studies.

3.4. Risk Representation Modalities

Graphical/visual representation was the most frequent modality (n = 145; 72.9%). Tex-
tual/conversational representations were present in 49 studies (24.6%), immersive/spatial
overlays in 47 (23.6%), spatial/map-based representations in 36 (18.1%), alert/warning
cues in 34 (17.1%), numeric/ probabilistic representations in 29 (14.6%), and multimodal
representations in 28 (14.1%). A small residual category combined visual and textual
information without a more specific dominant representation (n = 4; 2.0%). These findings
reinforce the distinction between interface technology and representation modality: the
same technological interface can encode risk through different visual, textual, numeric,
spatial, or multimodal forms.
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3.5. Interaction Modes

Interactive exploration was the most common interaction mode (n = 82; 41.2%).
Static/one-way presentation remained substantial (n = 50; 25.1%), followed by immer-
sive/experiential interaction (n = 45; 22.6%), real-time feedback (n = 29; 14.6%), conversa-
tional interaction (n = 26; 13.1%), and adaptive/personalized interaction (n = 22; 11.1%).
The corpus therefore spans a continuum from unidirectional presentation to exploration,
simulation, dialogue, and adaptive feedback.

3.6. Target Users, Communication Purposes, and Evidence Types

Citizens or members of the general public were the most frequent target group (n = 142;
71.4%). Decision-makers/managers appeared in 35 studies (17.6%), patients/caregivers in
32 (16.1%), healthcare/public health professionals in 25 (12.6%), and workers/operators in
14 (7.0%). Target-user categories were multi-label because some systems were designed for
multiple stakeholder groups.

Behaviour/protective action was coded in 107 studies (53.8%), decision support in
100 (50.3%), understanding /comprehension in 84 (42.2%), and awareness/risk perception
in 81 (40.7%). Training/experiential learning appeared in 16 studies (8.0%), monitor-
ing/situational awareness in 12 (6.0%), and generic risk-information communication in
six (3.0%).

The evidence base was predominantly empirical: 109 studies (54.8%) were empiri-
cal user or field studies, 53 (26.6%) were applied/observational studies, and 34 (17.1%)
focused on system or prototype development. Two studies (1.0%) were classified as re-
view /framework syntheses and one (0.5%) as a protocol/planned evaluation. The complete
set of 199 included studies is cited collectively in References [10-13,18-212]. To provide
an integrated overview of the corpus, Table 5 summarizes the most frequently identified
categories across the main analytical dimensions.

Table 5. Summary of the main characteristics of the 199 included studies.

Dimension

Most Frequent Categories

Primary application

domain

Healthcare/Public Health: 87 (43.7%); Natural Hazards/Disaster: 67 (33.7%);

Industrial /Occupational Safety: 10 (5.0%); Transport/Public Safety: 10 (5.0%); Environmental:

9 (4.5%)

Interface family

Data Visualization: 122 (61.3%); VR/AR/XR: 46 (23.1%); Web/Mobile Interface: 46 (23.1%);

Map /Geovisualization: 35 (17.6%); Conversational Al/Chatbot: 26 (13.1%)

Representation
modality

Graphical/Visual: 145 (72.9%); Textual /Conversational: 49 (24.6%); Immersive/Spatial

Overlay: 47 (23.6%); Spatial/Map-based: 36 (18.1%)

Interaction mode

Interactive Exploration: 82 (41.2%); Static/One-way Presentation: 50 (25.1%);
Immersive/Experiential: 45 (22.6%); Real-time Feedback: 29 (14.6%)

Target user group

General Public/Citizens: 142 (71.4%); Decision Makers/Managers: 35 (17.6%);
Patients/Caregivers: 32 (16.1%); Healthcare/Public Health Professionals: 25 (12.6%)

Communication Behaviour/Protective Action: 107 (53.8%); Decision Support: 100 (50.3%);
purpose Understanding/Comprehension: 84 (42.2%); Awareness/Risk Perception: 81 (40.7%)
Evidence type Empirical User/Field Study: 109 (54.8%); Applied/Observational Study: 53 (26.6%);

System/Prototype Development: 34 (17.1%)

Note: Primary application domain and evidence type are single-label dimensions. Interface family,
representation modality, interaction mode, target user group, and communication purpose are multi-
label dimensions; therefore, percentages within these dimensions are not mutually exclusive and
their totals may exceed 100%.
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3.7. From Risk Information Delivery to Risk Interaction

Across the corpus, interface technologies supported different modes of engagement
with risk information, ranging from static presentation to interactive exploration, immersive
experience, real-time feedback, conversational exchange, and adaptive communication.
These modes should be interpreted as alternative design configurations rather than as a
hierarchy of effectiveness. Their implications for human-centred risk communication are
discussed in Section 4.3.

3.8. Cross-Domain Synthesis and Human-Centred Framework

The cross-domain analysis showed that classifying technologies alone was insufficient
to describe how risk is communicated. The same risk information can be represented in
different forms; the same representation can be implemented through different interfaces;
the same interface can support different interaction modes; and the appropriateness of each
configuration depends on both the intended user and the outcome. The mapping between
the eight review-taxonomy dimensions and the six components of the proposed framework
is made explicit in Table 6.

Table 6. Traceability from the review taxonomy to the proposed human-centred framework.

Review Taxonomy
Dimension

Framework Role Framework Component Rationale

Primary Domain

Identifies where risk
Contextual variable, nota communication occurs but does
framework component  not describe a functional step in
the communication process

Application context

Defines what risk, hazard,

Nature/content of exposure, uncertainty, or

Risk T ) . Ri
isk Type communicated risk isk consequence must be
communicated
Representation . . Defines how risk information is
. Perceptual encoding Representation .
Modality made perceptible

Defines the digital technology

Interface Family Technological Interface through which the
artefact/channel L .
representation is delivered
Interaction Mode Mode of engagement Interaction Defines how'the. rec1p1enjc
engages with risk information
Target User Group Intended recipient User Defines who interprets and acts
on the communicated
- Intended Provides the taxonomy-level
Communication - .
cognitive/decisional / Outcome proxy for the outcome sought by
Purpose . o
behavioural effect the communication process
. Methodological /evidentiary Methodological variable, Describes how evidence is
Evidence Type descriptor not a framework generated rather than how
P component communication is designed

Note: Table 6 makes explicit that the six framework components do not correspond to an arbitrary
subset of the taxonomy. Rather, they represent those dimensions that describe the functional human-
facing communication chain, whereas Primary Domain and Evidence Type provide contextual and
methodological descriptors, respectively.

To further examine the relationships underlying the framework, three complemen-

tary cross-dimensional analyses were conducted: Risk Type x Representation Modality,
Interface Family x Interaction Mode, and Target User Group x Communication Pur-
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pose (Supplementary Tables S3-55). These analyses were selected because they connect
conceptually adjacent components of the proposed framework and complement the Do-
main X Interface Family analysis reported above. The matrices show recurring asso-
ciations rather than causal dependencies. For example, natural-hazard/disaster risks
were frequently paired with immersive/spatial overlays (n = 31) and spatial/map-based
representations (n = 19); VR/AR/XR interfaces were overwhelmingly associated with
immersive/experiential interaction (n = 45), whereas conversational Al/chatbots were as-
sociated with conversational interaction (n = 26); and citizen/public-oriented systems most
frequently targeted behaviour/protective action (n = 83) and awareness/risk perception
(n =73). These patterns support the interpretation that representation, interaction, and
communication purpose are configured in relation to risk type, interface technology, and
intended user rather than functioning as independent design choices.

Representative studies illustrate the same chain at study level. Privacy decision inter-
faces connect privacy risk to visual representation, interactive exploration, citizen users,
and informed decision support [11]. Navigation interfaces for people with mobility impair-
ments communicate probabilistic accessibility risks through map-based representations
that users explore to support route decisions [12]. In industrial human-robot collaboration,
dynamic risk estimates can be represented spatially and communicated through real-time
or augmented interfaces to support situational awareness and protective response [13].
These examples illustrate how the framework links dimensions that were coded separately
in the taxonomy but coexist within individual risk communication systems.

These relationships led to the synthesis represented by the sequence Risk — Repre-
sentation — Interface — Interaction —+ User — Outcome. The framework is a conceptual
synthesis derived from the scoping review rather than a validated causal model. Although
the six dimensions are represented sequentially to make their analytical roles explicit, the
synthesis also suggests an iterative relationship in which outcome evaluation can inform
the refinement of earlier design choices (Figure 6).

1. Risk

Risk characteristics
Type * severity «
uncertainty * context

—

2. Representation 3. Interface 4. Interaction 5. User 6. Outcome

Perceptual encoding Delivery technology —> User engagement = Recipient characteristics = Target or measured effect
Visual * numeric Platform ¢ device * Explore * feedback Role « expertise Comprehension ¢ perception
textual * spatial interface family dialogue * adaptation needs « preferences decision * behaviour

———————t
B
R —

Outcome evaluation informs iterative refinement of Representation, Interface, and Interaction

Figure 6. Human-centred framework for digital risk communication. Risk communication interfaces
are designed by aligning risk content, representation, interface, interaction, and user characteristics
with intended outcomes. Outcome evaluation provides evidence that informs the iterative refinement
of representation, interface, and interaction choices.

4. Discussion
4.1. From Technology to Human-Centred Risk Communication Design

Across domains, the main implication of the synthesis is the need to distinguish
the technological interface from the representational and interaction choices implemented
through it. The same interface family may communicate risk using different visual, numeric,
spatial, textual, or multimodal forms and may enable substantially different modes of user
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engagement. This distinction provides the conceptual basis for the framework developed
in Section 3.8.

4.2. Risk Representation as a Design Variable

Probabilities, exposure levels, uncertainty, vulnerability, and future consequences
often require mediation before they can be perceived and interpreted. Graphs, colours,
icons, maps, indicators, warnings, text, three-dimensional scenes, and multimodal com-
binations are not merely esthetic alternatives; they can change salience, comprehension,
and downstream decisions [3,4,8,9]. Experimental dashboard research illustrates this di-
rectly: colour schemes and alert configurations can alter information retention and decision
certainty even when the underlying risk data remain unchanged [10]. Representation
should therefore be considered an explicit design variable rather than a final formatting
step applied after risk estimation.

4.3. From Presentation to Interaction with Risk

The prevalence of interactive exploration, immersive experiences, real-time feedback,
conversational interaction, and personalization indicates that the recipient is increasingly
more than a passive receiver of a message. Privacy decision interfaces allow users to
actively explore a privacy—utility trade-off [11]; accessible navigation interfaces visualize
the probability of encountering barriers and thereby influence route planning [12]; and
augmented-reality systems can superimpose a dynamic risk field on the physical workspace
during human-robot collaboration [13]. The continuum present — explore — experience
— interact — adapt therefore captures different design possibilities, although it should not
be interpreted as an automatic hierarchy of effectiveness.

4.4. Spatial and Immersive Dimensions of Risk

VR/AR/XR technologies were particularly concentrated in natural-hazard and disas-
ter applications, suggesting that their value is closely related to the spatial nature of the
communicated risk. Position, distance, extent, and the relationship between the user and
the environment can be turned into directly perceptible components of communication.
Realistic interactive flood visualizations, for example, can make possible consequences
more concrete and spatially contextualized [18]. A similar principle appears in industrial
AR, where risk is overlaid on the operational environment rather than represented on a
separate display [13]. Immersion is therefore best understood not simply as technological
novelty but as one strategy for spatial risk representation and experiential communication.
An adjacent research stream addresses the downstream conversion of perceived hazards
into safe robotic action. Xing et al. [213], for example, formulate mobile-manipulator motion
planning as a hierarchical quadratic-programming problem integrating physical constraints,
trajectory tracking, obstacle avoidance, and manipulability optimization. This work lies
outside the eligibility scope of the present review because its primary objective is robot
motion control rather than intentional human-facing risk communication. Nevertheless, it
helps situate risk communication within a broader perception-representation-response
continuum: in human-robot settings, the communication interface can constitute the
human-facing layer through which assessed risk becomes perceptible and actionable, while
control-oriented planning governs the robot’s safe response.

4.5. Personalization, Adaptivity, and Context

Personalizing a risk estimate is not equivalent to personalizing risk communication.
Numeracy and the ability to interpret visual representations influence the comprehension
of probabilistic information [3,4,8], and privacy decision-interface research shows that
individual characteristics such as numeracy and need for cognition affect interface use and
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decision behaviour [11]. Future systems may therefore need to adapt not only which risk
value is communicated but also how that value is represented. Numeracy, expertise, digital
literacy, role, context, and time pressure could become inputs for selecting representational
format, information density, interaction mode, and level of explanation.

4.6. From Information to Outcome

The reviewed studies target outcomes that extend well beyond information availabil-
ity, including awareness, risk perception, comprehension, decision support, behavioural
intention, and protective action. Experimental evidence shows that improvements in com-
prehension do not necessarily produce equivalent effects on perception or behaviour [8,9].
Participatory sensing of indoor air quality provides a clear example: real-time feedback in-
creased awareness of air pollution, yet did not produce an equivalent increase in perceived
self-efficacy for controlling exposure [19]. Usability and communication effectiveness
should therefore not be treated as interchangeable constructs. Evaluation should distin-
guish interaction-level, cognitive, perceptual, decisional, and behavioural outcomes.

4.7. The Role of the User

The heterogeneity of target users further supports a human-centred approach. Citi-
zens, patients, professionals, operators, and managers differ in expertise, responsibility,
numeracy, time constraints, and information needs. Evidence on visual aids indicates
that representational effectiveness varies with user capabilities [8], while included studies
demonstrate the importance of designing interfaces around the decision context and the
abilities of the intended user [11,12]. The user should therefore be treated as an active
design dimension that influences representation and interaction choices, not merely as the
final destination of an information pipeline.

4.8. A Human-Centred Framework for Digital Risk Communication

The proposed framework—Risk — Representation — Interface — Interaction —
User — Outcome—separates six layers that are often conflated in technology-centred de-
scriptions. Risk defines what is to be communicated; Representation defines how it is
made perceptible; Interface defines the technological artefact through which it is delivered;
Interaction defines how the user engages with the information; User introduces the charac-
teristics and role of the recipient; and Outcome defines the cognitive, perceptual, decisional,
or behavioural effect being pursued or measured. The main value of the framework is
therefore analytical and design-oriented: it makes explicit that selecting a technology does
not by itself specify an effective communication solution. To clarify its positioning relative
to existing approaches, Table 7 compares the proposed framework with representative
perspectives on risk communication, risk representation, and digital risk-interface research.

Although represented as a sequence for analytical clarity, the framework should not
be interpreted as a strictly linear design process. Rather, the six dimensions are interdepen-
dent and should be iteratively aligned throughout the design and evaluation process. In
particular, evidence concerning user interaction and communication outcomes can feed
back into the selection or refinement of representation modalities, interface characteristics,
and interaction strategies.

Feedback and learning therefore represent a transversal component of the framework
rather than an additional sequential stage. Evaluation of comprehension, decision qual-
ity, behavioural response, usability, or other relevant outcomes can provide evidence for
redesigning earlier components of the communication process. For example, insufficient
comprehension may require modification of the representation modality, whereas interac-
tion difficulties may indicate the need to reconsider the interface or interaction strategy. The

https:/ /doi.org/10.3390/app16189058


https://doi.org/10.3390/app16189058

Appl. Sci. 2026, 16, 9058

16 of 28

framework thus supports an iterative human-centred design cycle in which communication
solutions are progressively refined on the basis of outcome evaluation.

Table 7. Relationship between the proposed framework and representative existing approaches to
risk communication and digital risk-interface research.

Representative . . Limitation Relative to Contribution of Proposed
Main Emphasis .
Approach Present Objective Framework
General risk Communication process, Does not explicitly . .
communication trust, message and decompose contemporary Irﬁjﬂ;?gi Eccil;r{{tifitsiir:?:oer;s
process [1,2] response digital interfaces y

Risk-format and
uncertainty research

Numerical, verbal and
visual representation;

Connects representation to

Primaril . .
pmarty technology, interaction, users and

representation-centred

[3,4,8,9] comprehension outcomes
AI/VR » .. . Provides a cross-domain structure
. . Specific technologies in Domain- and : )
doctor-patient risk . independent of a particular
I healthcare technology-specific
communication [5] technology
Public health Dashboard design and Interface-family specific SepafizﬁsriaizreﬁﬁigerfgﬁglOgy
dashboards [6] public health information ysp P -
interaction
Environmental Primarily Generalizes

geovisualization [7]

Spatial risk representation

representation—interface

spatial /environmental : . :
relationships across domains

Present framework

Cross-domain decomposition of

Risk — Representation — Conceptual synthesis . LA
. e L. the human-facing digital risk
Interface — Interaction — requiring empirical . .
. communication process with
User — Outcome validation

iterative feedback from Outcome

The proposed framework should therefore not be interpreted as replacing these approaches or as
being intrinsically superior to them. Its contribution is complementary: it provides a cross-domain
design-oriented decomposition that explicitly distinguishes risk content, representational encoding,
technological interface, interaction, recipient, and intended outcome—dimensions that are frequently
examined separately in existing domain- or technology-specific literature.

The framework should not be interpreted as a validated causal model. Rather, it is a
conceptual synthesis generated from the taxonomy and cross-domain patterns observed in
the review. Its relationships should be tested empirically in future work, including whether
particular combinations of representation and interaction are consistently better suited to
specific risk types, user groups, or decision contexts.

4.9. Implications for Interface Design and Evaluation

Several practical implications follow from the synthesis. First, design should begin
with the risk characteristics and the intended outcome rather than with the available tech-
nology. Second, representation should be treated as an explicit and testable design variable:
colour, scale, dimensionality, probability format, uncertainty representation, icons, and
level of detail can all affect interpretation. Third, interactivity should be introduced when it
serves a communication function—such as comparing alternatives, exploring scenarios,
understanding causal relationships, or contextualizing consequences—rather than as an
end in itself. Fourth, personalization should progressively extend from individualized
risk estimates to individualized communication strategies. Finally, evaluation metrics
should match the intended outcome: an interface intended to support protective action
should not be evaluated only through usability, and an interface intended to improve
comprehension should include direct measures of understanding. These evaluation results
should subsequently inform iterative redesign. In this sense, Outcome is not merely the
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endpoint of the framework but also a source of evidence for reconsidering earlier design
choices concerning Representation, Interface, and Interaction.

4.10. Limitations and Future Research

This review has several limitations. First, the field is characterized by substantial
terminological heterogeneity. Terms such as risk communication, risk visualization, warn-
ing system, decision support, situational awareness, and risk information can describe
partially overlapping phenomena; consequently, relevant studies may use terminology
not fully captured by the search concepts. Second, the exact Scopus query was retained,
whereas the literal historical search strings for Web of Science Core Collection and PubMed
were not archived. To improve reproducibility, database-specific expressions for these two
sources were reconstructed from the retained term sets, search fields, date limits, language
restriction, and original record counts and are reported in Supplementary Table S1. These
reconstructed expressions reproduce the implemented search logic but cannot be verified
as verbatim exports of the original platform search histories.

Third, several analytical dimensions were intentionally multi-label. This better reflects
the composite nature of contemporary interfaces but means that category frequencies are
not additive and should not be interpreted as mutually exclusive distributions. Fourth, the
evidence base is methodologically heterogeneous, ranging from controlled user studies
to field implementations and prototype-development papers. The review can therefore
identify recurring technologies and design patterns, but it cannot establish a hierarchy
of effectiveness among interface families. Finally, the proposed framework requires em-
pirical validation. Future studies should test relationships among Risk, Representation,
Interface, Interaction, User, and Outcome and examine when adaptive, context-aware, and
multimodal interfaces provide measurable benefits over simpler forms of communication.
The review was restricted to English-language publications, which may have resulted in
the exclusion of relevant evidence published in other languages. Funding information
for individual included sources was not systematically charted and therefore could not
be synthesized.

5. Conclusions

This scoping review synthesized 199 studies on digital and interactive technologies
for risk communication and identified a highly heterogeneous landscape of application
domains, interfaces, representation modalities, interaction modes, target users, and com-
munication purposes. Healthcare/public health and natural-hazard /disaster applications
dominate the literature, while data visualization is the most widespread interface family.

The evidence nevertheless points beyond a technology-centred interpretation. The
reviewed corpus spans static information delivery, interactive exploration, immersive
experiences, conversational systems, real-time feedback, and adaptive communication.
These modes should be interpreted as alternative design configurations rather than as
evidence of a universal temporal progression or hierarchy of effectiveness. The same
technological family can communicate risk through very different numerical, visual, spatial,
textual, or multimodal representations and can support different degrees of interaction.

The main conceptual contribution of the review is therefore the distinction among
six interdependent design layers summarized by the framework Risk — Representation
— Interface — Interaction — User — Outcome. The framework emphasizes that digital
risk communication should be designed by aligning the characteristics of the risk with an
appropriate representation, technological interface, interaction strategy, intended user, and
target outcome.
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Taken together, the review supports a cross-domain, human-centred interpretation
of digital risk communication in which technology selection is only one component of a
broader design configuration. Future research should test which combinations of risk rep-
resentation, interface technology, interaction mode, and user characteristics are associated
with specific cognitive, decisional, and behavioural outcomes.
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