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ABSTRACT KEYWORDS

This survey provides a comprehensive overview of navigation solutions designed for ~ Navigation; blind and
Blind and Visually Impaired (BVI) individuals, analyzing 75 systematically selected visually impaired;
papers and focusing on three critical aspects. First, it identifies a significant gap in the nag"gat'onAa'd.S; seamless
literature, highlighting the lack of seamless indoor/outdoor navigation systems that :;C;:OTjg;gatlon’ assistive
can support uninterrupted mobility for users in different environments. Secondly, it

highlights the limited attention given to inclusivity factors such as usability, accessibil-

ity, user experience, and co-design when developing these solutions. Finally, it

assesses the technological readiness of current navigation systems by evaluating their

ability to effectively meet the needs of BVI persons in real-world scenarios. Further-

more, this study provides a complete open-access repository of the analyzed data to

support reproducibility. The results of this study are intended to guide future research

and development efforts toward creating more comprehensive, user-centered naviga-

tion solutions.

1. Introduction

Of the five senses, vision is the most fundamental. It is essential for perceiving, interacting with and
navigating the world. Without vision, we would struggle to move through different environments, rec-
ognize objects and maintain our independence (Enoch et al., 2019). Consequently, vision loss or
impairment profoundly affects autonomy, mobility, and overall quality of life. Despite technological
advances, visual impairment remains a critical global problem affecting a significant proportion of the
population. According to the World Health Organization (WHO) (Blindness and vision impairment,
2024), at least 2.2 billion people globally have a near or distance vision impairment. Given such num-
bers, it is evident that vision impairment poses an enormous global financial burden, with the annual
global cost of productivity estimated to be US $411 billion. As a result, the demand for cost-effective
and readily available solutions to improve the everyday lives of those affected by this condition is stead-
ily increasing (Marques et al., 2022).

For visually impaired persons, navigating unfamiliar environments (being them indoor or outdoor)
is a major challenge (Goldberg et al., 2018). This operation, which comes naturally to sighted people, is
limited by their difficulty in recognizing surroundings, obstacles, entry and exit, etc. For individuals
affected by these conditions, tasks such as navigating a shopping mall (Paratore & Leporini, 2022),
planning a route using public transportation (Boadi-Kusi et al., 2024), or safely crossing at a traffic light
can be profoundly challenging (Li et al., 2020). Similarly, visiting a museum and fully experiencing its
cultural heritage remains an inaccessible experience without dedicated solutions (Rossetti et al., 2018).
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Nevertheless, the ability to move independently and safely is essential for their well-being and active
participation in society. Despite various advances in navigation aids for the visually impaired, many of
these solutions face limitations that hinder their widespread adoption and effectiveness. Current naviga-
tion tools are often too cumbersome or costly to be universally accessible, creating barriers that prevent
visually impaired people from getting the help they need to navigate effectively. Although traditional
wayfinding solutions such as white canes and guide dogs remain valid and widely used, they have
inherent limitations. Some recent studies have compared guide dogs with robotic alternatives, which,
although promising, are currently too expensive for widespread adoption (Due, 2023). This highlights
the need for innovative, accessible, and user-friendly navigation systems that can enhance the mobility
and autonomy of visually impaired persons at different degrees of severity.

In the manuscript, the term navigation is used in a broad sense, encompassing the technological
components that support independent mobility for BVI individuals, including localization, orientation,
and obstacle detection.

The efficacy of outdoor navigation systems relies significantly on users’ ability to correlate their real-
time spatial environment with the positions depicted on a map. A discrepancy of several meters can
typically be resolved by visually matching architectural features with their graphical representations.
However, for the Blind and Visually Impaired (BVI) population, enhancing current graphical interfaces
is critical to effectively utilize navigation as an assistive tool. This necessitates thoroughly reevaluating
and improving interfaces to accommodate severe visual impairments. Additionally, beyond adapting to
specific disabilities, the reliability and security of a system must be re-engineered to achieve the
intended functional objectives.

Many interesting solutions remain prototypes and are not yet mature enough for commercial appli-
cations, often due to poor integration with common devices (Okolo et al., 2024).

In practice, the development of navigation applications for assisting BVI persons requires significant
implementation costs, mainly for environmental analysis, system design, procurement of the necessary
technological infrastructure, provision of equipment and communication networks, system calibration,
configuration, performance optimization, and rigorous testing, validation, and ongoing service manage-
ment. In disability studies, particularly for frontier research problems, the cost of developing viable sol-
utions is notably high.

In the literature, numerous solutions have been put forth to support navigation for individuals with
visual impairments, often featuring a suite of position and orientation sensors, e.g., Inertial
Measurement Units (IMUs), Global Positioning System (GPS), and Bluetooth Low Energy (BLE) bea-
cons, and sometimes requiring additional infrastructure, a geographic referencing system (e.g., pre-
defined maps), and a user interface that enables interaction with the system and provides feedback
(typically auditory and/or tactile) (Kunhoth et al., 2020). However, to emphasize technological inclusiv-
ity (Belli et al., 2024), we must first recognize that environmental, social and technological challenges
affect blind persons in ways that make them feel different from sighted persons.

To characterize current technological approaches, identify structural gaps, and assess the user-centeredness
and real-world applicability of existing solutions, the review is organized around three core research
questions: (i) To what extent do current navigation systems enable continuous mobility across indoor
and outdoor environments for BVI individuals? (ii) How are inclusivity dimensions such as usability,
accessibility, user experience, and co-design integrated into the design and evaluation of these technolo-
gies? (iii) In what ways do existing solutions demonstrate readiness for deployment in real-world
mobility scenarios? These questions informed the search strategy, the structure of the data extraction
process, and the comparative analysis of the selected studies.

Our survey methodology was informed by the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines (Page et al., 2021), which we adapted to fit the scope and nature
of our study. The main objective of this systematic survey is to offer a unique in-depth exploration of
existing navigation solutions designed for visually impaired persons or with more severe visual condi-
tions, criteria for selecting navigation solutions, data collection methods, and analysis techniques
employed, and qualitative and quantitative analysis of the reviewed solutions. We have also released the
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results and the analysis of each paper selected for this survey in an open repository accessible at
10.5281/zenodo.15489881.

The paper is structured as follows. In Section 2, we start investigating the state of the art in this field
and highlighting differences between other surveys published on the topic and the perspective offered
in this work. In Section 3, we detail the methodology used in conducting the survey, including the cri-
teria for selecting navigation solutions, data collection methods, and analysis of the employed techni-
ques. In Section 4, we analyze the selected publications to identify which solutions have been most
commonly explored to support BVI individuals in navigating indoor and outdoor environments. In
Section 5, we provide a detailed overview of commercial solutions, discussing the technologies they
employ and their main features. In Section 6, we discuss the implications of the survey findings for the
design, development, and implementation of navigation solutions, with a focus on promoting inclusivity
and accessibility for BVI individuals.

2. Related work

This section reviews the most significant surveys on navigation and wayfinding technologies for BVI
persons, summarizing their methodology, scope, and key findings. Wayfinding is another term defining
navigational assistance for individuals with visual impairments, including those who are blind or have
low vision and those who are deafblind. The term wayfinding describes orienting oneself and navigating
within an environment. In literature, the “Orientation and Mobility” (O & M) can be used interchange-
ably. It encompasses the skill set required for travelers to ascertain their current location, understand
their intended destination, and navigate effectively using knowledge of their previous routes. Given the
large number of reviews published in recent years, our goal is to highlight their main contributions,
avoid redundancy, and identify current gaps in the literature.

The reviewed surveys generally fall into three categories: systematic literature reviews, comparative
studies, and narrative reviews. Most studies analyze navigation technologies based on their underlying
technical approach, distinguishing between sensor-based, vision-based, GPS-based, and smartphone-
based solutions. A recurring theme is the importance of multimodal approaches, combining auditory,
haptic, and visual feedback to enhance usability.

Several surveys emphasize common challenges in the field. The accuracy of navigation systems
remains a major issue, particularly in indoor environments where GPS is ineffective. The lack of stand-
ardization across assistive technologies and the absence of detailed maps for pedestrian navigation are
also barriers to widespread adoption. Another crucial aspect is the user experience: while numerous
innovative solutions have been proposed, many remain at the prototype stage and have not been
adopted by BVI individuals due to usability issues (Madake et al., 2023; Masal et al., 2023; Plikynas
et al., 2020) and insufficient training (El-Taher et al., 2021; Tapu et al., 2020).

Among the notable contributions, in Kuriakose et al. (2022) and Lei et al. (2022), authors classify
navigation systems based on their technological components, highlighting the advancements of deep
learning applications in this field. From a technological perspective, in Parker et al. (2021), Parker et al.
extend the analysis to include deafblind users. The authors highlight the need to investigate transition
identification between indoor and outdoor environments. A more in-depth discussion of this topic is
available in Furfari et al. (2024). Theodorou et al. (2023) examine integrating assistive technologies in
smart city environments, particularly in traffic light systems for BVI persons. Finally, in(Khan et al.
(2021) and Manjari et al. (2020), authors provide large-scale reviews of smart navigation devices. The
authors highlight the urgent need to pay attention to power capacity (e.g., in terms of battery life).

In literature, LIDAR and RGB-D cameras are highlighted as promising for accurate obstacle detec-
tion, yet they face challenges related to cost and usability (Patel et al., 2023). Additionally, integrating
smartphone-based solutions is increasingly seen as a practical and cost-effective approach, particularly
in low-income regions (Budrionis et al., 2022).

The surveys reported in the literature typically examine individual studies sequentially, focusing first
on the underlying technologies and emphasizing that multimodal solutions are expected to yield super-
ior performance. System performance is then assessed with respect to the specific target task or sce-
nario, such as object recognition, text recognition, obstacle avoidance, and related applications.
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A recent survey effort (Bamdad et al., 2024), reviews navigation and mapping techniques for BVI
navigation. The study classifies SLAM-based approaches, evaluating their performance, limitations, and
applicability in real-world conditions. In contrast, our survey provides a more comprehensive, system-
level analysis of BVI navigation solutions by going beyond SLAM-focused methods. Indeed, we analyze
the trends in BVI navigation systems, considering not only performance in terms of accuracy but also
aspects such as usability, most used interfaces, publicly available datasets, and the environments in
which they are tested identifying gaps in seamless indoor/outdoor mobility, inclusivity, and techno-
logical readiness.

3. Methodology

This section outlines the systematic methodology adopted to survey navigation solutions for BVI persons,
ensuring comprehensive and unbiased coverage of state-of-the-art technologies, emphasizing feedback
modalities, application scenarios, and usability factors. This survey synthesizes insights from peer-
reviewed literature published in the last five years by establishing clear eligibility criteria and employing a
robust search strategy. The collected data are categorized and analyzed based on multiple aspects, includ-
ing feedback mechanisms, technological integration, and usability considerations. The methodology pro-
posed follows the guidelines and takes inspiration from the methodology proposed in Anagnostopoulos
et al. (2025).

3.1. Protocol description

As highlighted in Figure 1, our approach involves several key components, including the systematic
scanning of relevant sources, the characterization of a taxonomy of features examined within each
paper, the internal verification processes for our characterizations, and other significant methodological
considerations.

First, we identify the digital library from which the relevant studies are obtained. We developed a
search strategy for scanning the Scopus database,' focusing on articles whose titles specifically referred
to navigation and positioning for BVI users. Scopus is an Elsevier-managed comprehensive abstract
and citation database covering publications from over 10,000 publishers and predominantly peer-
reviewed journals in various areas such as physical sciences, engineering, and computer science. Scopus
was selected as the primary database due to its broad coverage of domains that are central to this study,
as well as its extensive overlap with other prestigious digital libraries in these areas, such as Web of
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Figure 1. Methodology followed for identifying, cross-reviewing, and analyzing selected papers.
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Science. The platform provides a sophisticated search functionality that supports boolean operators in
refining search queries and obtaining more precise results. Our primary interest was in articles pub-
lished in journals that included keywords related to navigation solutions for BVI persons, such as loca-
tion, localization, positioning, wayfinding, or navigation in their titles. Upon initial experimentation
with relevant keywords and search query composition, we formulated the query:

TITLE ((navigation OR wayfinding OR position™ OR locali*) AND (blind OR impair*)) AND DOCTYPE
(ar) AND SRCTYPE (j) AND SUBJAREA (comp OR engi) AND LANGUAGE (english) AND PUBYEAR >
2019

This query produced 137 resulting documents and was performed in July 2024. During the experi-
mental design phase, we established a hierarchy of priority among the available metadata fields and
adopted a title-only search to maximize precision. Articles lacking explicit domain-specific keywords in
the title (e.g., BVI) were considered likely to address the topic only tangentially, and therefore outside
the core focus of this review. The operator SRCTYPE allows restricting the query to journals (i.e., j).
This review adopts a journal-only search strategy. This decision was made to prioritize contributions
with a high degree of methodological maturity and completeness, which are often found in journal
publications. The command SUBJAREA allows restricting the search to a particular type of area. In
our case, we set the command equal to comp (i.e., computer science) or engi (i.e., engineering). We
intentionally excluded generic terms such as vision® and visual®* because they substantially reduce pre-
cision by retrieving a large volume of out-of-scope literature (e.g., computer vision), while targeted
terms (e.g., blind, impair*) already capture key concepts such as vision/visual impairment.

The outcome was a list of all papers (137) that satisfy the criteria outlined in our search query and
are accessible in the Scopus database. In our overall workflow (Figure 1), we have defined certain exclu-
sion criteria based on which certain papers would be removed from our analysis. Evident cases of
papers selected due to a keyword used in a different meaning or context that did not relate to naviga-
tion solutions were directly excluded. Other papers related to surveys or tutorial papers were removed
from our analysis. We simplified those cases into three main Exclusion Criteria:

EC1 Papers not related to navigation solutions;
EC2 Survey papers;
EC3 Duplicated papers;

Papers that could not be retrieved (e.g., due to inaccessible archives or missing full texts) were not
formally listed as part of the exclusion criteria, as their absence was due to practical limitations of
access rather than exclusion based on eligibility.

We selected all 137 articles, removing work out of scope according to our inclusion/exclusion crite-
ria, keeping the remaining 75 (approximately 55% of the total identified articles). Most of the removed
papers are irrelevant to the navigation solution (59 papers), while the remaining 3 are survey papers.
As a result of this systematic process, we obtained a set of 75 articles satisfying the study’s criteria,
which were included in our full analysis.

Subsequently, we implemented rigorous internal verification processes to validate our observations
and ensure the integrity of our analyses. This involves reviewing initial findings among the involved
analysts, iterative refinement of our approaches, and evolution of more fine-grained definitions based
on feedback and consensus. For each paper, two roles were assigned among the coauthors, one
“analyst” and one “reviewer.” The analyst was assigned the first in-depth search for identifying all rele-
vant types of information about the paper (presented in detail in Section 3.2). During this process, the
analyst would enter the information of all relevant fields in the spreadsheet, mentioning the missing
information and potentially providing comments where necessary. Once this process was completed,
the analyst marked the entry as ready for review.

At that point, the reviewer was mandated to review the analysis made by the analyst, by providing
suggestions for potential changes or corrections, asking for clarifications, or completing info that was
not found by the analyst. This process often required the reviewer to follow a similar approach to the
one made by the analyst, searching all types of information for cross-checking what was filled by the
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analyst. Once a review was completed, the analyst of an entry was responsible for integrating the feed-
back of the reviewer, either by accepting suggestions or by discussing with the reviewer in case of a dif-
ference of opinion, aiming to reach a common understanding. In the case of ambiguous matters, all
coauthors discussed the issue until a consensus was reached and a group agreement was achieved
regarding how to address similar characterizations.

All the coauthors of this work participated in this process, assuming both roles, those of the analyst
and the reviewer. The review was assigned in such a way that each coauthor acted as a reviewer to data-
sets analyzed by every other coauthor. The motivation for making all possible pairs of analyst-reviewer
was to improve the coherence of how all dataset-describing features were interpreted, thus strengthen-
ing methodological uniformity. All interesting differences between analyst-reviewer views on a feature
were raised at the group meetings so that all coauthors could reach a consensus about how ambiguous
situations should be resolved and avoid the recurrence of similar discrepancies in the future.

We observed that this method often offered improvements in the characterization precision of the
analyzed papers. Furthermore, the random pairing accelerated the emergence of ambiguous cases, and
the consequent provision of clarifications to the group improved our study’s decision-making
coherence.

3.2. Categories of features analyzed

Features from these selected studies are analyzed and organized into six categories, each documented
and explained in the spreadsheet to facilitate the characterization. The spreadsheet is openly accessible
at 10.5281/zenodo.15489881.

The approach chosen in this work is inspired by the methodology described in Anagnostopoulos
et al. (2025), where authors have shown principles, practice and guidelines for open research data in
the indoor positioning field.

3.2.1. General information

This category provides essential information about the systems and studies analyzed. In particular, we
capture information about the journal’s name, the publication year, and the related Digital Object
Identifier (DOI), which provides a permanent link to the study. We also store the institution and geo-
graphic location where the research is conducted, reflecting regional contributions to the field. Finally,
we evaluate the presence of an Open Dataset. In this field, we indicate whether the authors produced
or utilized an open dataset and, if available, the dataset reference, such as a DOI or link, is included to
facilitate access and reproducibility.

3.2.2. Navigation technologies

In this category, we report the assessment of the technologies used for the navigation system and their
requirements. We analyze the integration level by using a drop-down menu and selecting: “Commercial
Device Only” if the system relies solely on off-the-shelf devices, “Commercial Device and Sensors”
when the solution proposes an augmentation of commercial devices with additional sensors, and “Ad
Hoc Device” if the system is made with custom-built hardware. In the same category, we assess the
infrastructure required by the system. We specify whether the specific infrastructure is strictly required
for the navigation system. Moreover, we analyzed the technologies used by performing an in-depth
scrutinization and identifying specific navigation technologies, such as Wireless Fidelity (Wi-Fi), BLE,
Ultra-Wide Band (UWB), IMU, Global Navigation Satellite System (GNSS), Camera, Light Detection
And Ranging (LiDAR), or other technologies. Each technology is recorded as yes (used) or no (not
used). Our analysis also analyzed whether the navigation system method requires a training phase.
Finally, we provide the level of TRL (Technological Readiness Level) by identifying the maturity of the
system, classified as Low (TRL 1-3) for early-stage development or basic research not tested, Medium
(TRL 4-6) for prototypes tested in simulated or controlled environments, and High (7-9) for fully
developed systems tested in real-world scenarios and ready for commercial use. We left a “comments”
field to save additional notes on technologies or system requirements.
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3.2.3. Testing environment

This category describes the context in which each system was evaluated. Specifically, we classified the
testing environment as Indoor, Outdoor, Indoor and Outdoor, or Undefined, in cases where the setting
was not explicitly mentioned. In addition, we included a qualitative description of the environment to
better capture the nature of the evaluation context. We used the label Real to indicate real-world sce-
narios where the system was tested in uncontrolled conditions, often in the presence of people moving
naturally through the space. The term Citizen refers to outdoor urban settings, such as city streets or
public areas. The label Controlled describes small and well-defined indoor environments—such as
rooms or corridors—where testing conditions can be precisely managed. Finally, we used Simulative to
describe purely simulated environments, where the system was tested without any interaction with the
real world, relying instead on virtual models or prerecorded data. As in previous cases, we included a
comment field to report observations or challenges encountered during the evaluation.

3.2.4. Technologies for user interface

This category evaluates the interaction mechanisms provided by the systems. We analyze how users
interact with the system (field “input technology”), categorized as: audio, tactile. Similarly, we addressed
the output technology used by the systems. In particular, we detail the type of feedback provided to
users, such as verbal or auditory guidance (i.e., audio feedback), directional cues through vibration (i.e.,
vibration), Touch-based interactions like pressure or motion responses (i.e., haptic feedback), and inter-
faces for users with residual vision (i.e., Visual Feedback). We organized all the features in this category
as drop-down menus.

3.2.5. System usability

This category focuses on the system’s accessibility and usability. In particular, we focus on specifying
whether the system is human-centered or employs a companion robot for support. We analyze inter-
operability capabilities by analyzing whether the system provides APIs or similar mechanisms for inte-
gration with external platforms. The Usability field indicates whether usability was evaluated at the end
of the testing phase. Additionally, we included a Comment field to specify the type of usability assess-
ment conducted, such as interviews, focus groups, or a combination of both methods.

3.2.6. User involvement

This category covers the extent of user participation in each study. The User Involvement by Design
field indicates whether BVI individuals were involved during the design phase, while the User
Involvement in Testing field refers to their participation in the testing phases, emphasizing the inclusiv-
ity of the approach. Furthermore, each entry includes a detailed description of the analyzed paper to
summarize its contribution and context.

3.3. Limitations

While this survey aims to be comprehensive, certain limitations are inherent in its design. The focus on
journal articles excludes insights from other sources, such as patents and industry white papers.
Additionally, the rapid evolution of technologies may result in some recent innovations not yet being
reflected in the academic literature.

However, the strictly defined selection process, the relevance of the selected digital library, and the
volume of analyzed literature provide an informative snapshot of the current state of the art in the
field. All the analyzed papers (Abdurrasyid et al., 2022; Abu Rass et al, 2023; Afif et al., 2020;
Ahmetovic et al., 2023; Akilandeswari et al., 2022; Anandan et al., 2020; Apprey et al., 2022; Asakura,
2021; Atitallah et al., 2023, 2024; Badawi et al., 2021; Bakouri et al., 2023; Bala et al., 2023; Barontini
et al., 2021; Beltran-Iza et al., 2022; Berka et al., 2022; Chaudary et al., 2023; Chen et al., 2021, 2021;
Cheng et al., 2020, 2021; Cheraghi et al., 2019; Crabb et al.,, 2023; Diaz-Toro et al., 2022; Dourado &
Pedrino, 2020, 2023; Duh et al., 2021; Faurina et al., 2021; Giudice et al., 2020; Guerreiro et al., 2020;
Han et al., 2024; Hou et al., 2022; Hu et al., 2020; Jain et al., 2023; Joshi et al., 2020; Kammoun et al.,,
2023; Kaul et al., 2021; Kumar & Jain, 2022; Kuriakose et al., 2023, 2023; Li et al., 2023; Lima et al,,
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2023; Lo Valvo et al., 2021; Lu et al,, 2021, 2023; Lupu et al., 2020; Mahida et al., 2020; Martinez-Cruz
et al., 2021; Marzec & Kos, 2021; Mashiba et al., 2020; Meliones et al., 2022; Na et al., 2024; Nagaraju
& Murugeswari, 2023; Ntakolia et al., 2022; Papagianopoulos et al., 2023; Plikynas et al., 2022; Pydala
et al.,, 2023, 2024; Rahman et al,, 2022; Ramadan et al., 2022; Real & Araujo, 2021, 2023; Rusli et al,,
2022; Saha et al., 2021; Said et al.,, 2023, 2023; Santoro et al., 2020; Shin et al., 2022; Song et al., 2023;
Tayyaba et al., 2020; Theodorou et al., 2022a, 2022b; Theodorou & Meliones, 2023; Vijetha & Geetha,
2024; Yamashita et al., 2020) were reviewed over several months, requiring significant time for in-depth
analysis by team members serving as analysts and reviewers. Given the many features characterized
across hundreds of papers, we acknowledge the possibility that some misclassifications may have
occurred despite the team’s diligent efforts. The content of this analysis was designed to offer a factual
representation of the field’s current status while highlighting notable cases as indicative examples.

4, Results

This section provides a structured, trend-oriented analysis of current navigation solutions for blind and
visually impaired individuals, based on data extracted from the reviewed studies (Abdurrasyid et al.,
2022; Abu Rass et al., 2023; Afif et al, 2020; Ahmetovic et al., 2023; Akilandeswari et al., 2022;
Anandan et al, 2020; Apprey et al,, 2022; Asakura, 2021; Atitallah et al., 2023, 2024; Badawi et al,
2021; Bakouri et al., 2023; Bala et al., 2023; Barontini et al., 2021; Beltran-Iza et al., 2022; Berka et al,,
2022; Chaudary et al., 2023; Chen et al., 2021, 2021; Cheng et al., 2020, 2021; Cheraghi et al., 2019;
Crabb et al,, 2023; Diaz-Toro et al., 2022; Dourado & Pedrino, 2020, 2023; Duh et al., 2021; Faurina
et al., 2021; Giudice et al., 2020; Guerreiro et al,, 2020; Han et al.,, 2024; Hou et al,, 2022; Hu et al,
2020; Jain et al., 2023; Joshi et al., 2020; Kammoun et al., 2023; Kaul et al., 2021; Kumar & Jain, 2022;
Kuriakose et al., 2023, 2023; Li et al., 2023; Lima et al., 2023; Lo Valvo et al., 2021; Lu et al., 2021,
2023; Lupu et al., 2020; Mahida et al., 2020; Martinez-Cruz et al., 2021; Marzec & Kos, 2021; Mashiba
et al., 2020; Meliones et al., 2022; Na et al., 2024; Nagaraju & Murugeswari, 2023; Ntakolia et al., 2022;
Papagianopoulos et al., 2023; Plikynas et al., 2022; Pydala et al., 2023, 2024; Rahman et al., 2022;
Ramadan et al., 2022; Real & Araujo, 2021, 2023; Rusli et al., 2022; Saha et al., 2021; Said et al., 2023,
2023; Santoro et al., 2020; Shin et al., 2022; Song et al., 2023; Tayyaba et al.,, 2020; Theodorou et al.,
2022a, 2022b; Theodorou & Meliones, 2023; Vijetha & Geetha, 2024; Yamashita et al., 2020) and on
the categorization framework introduced in Section 3.2.

Rather than aiming at inferential statistical evaluation, we focus on identifying prevailing research
trends through descriptive statistics and comparative observations across multiple dimensions. The sec-
tion is organized into several subsections, each addressing a specific aspect of localization and naviga-
tion systems for BVI users. First, the temporal evolution of research activity in the field is examined to
highlight emerging and declining research directions. Next, the technologies employed in the develop-
ment of these systems are analyzed, followed by an investigation of the environments in which the sys-
tems have been evaluated, providing insight into their contextual applicability.

Subsequently, the interaction technologies adopted by end users are discussed, leading to an analysis
of usability-related aspects. For each reviewed work, these dimensions are explicitly encoded and ana-
lyzed, enabling a consistent comparison across studies within each macro-category.

This organization allows for a focused examination of key design choices and technological
approaches, supporting the identification of dominant patterns and gaps in current research. The aim
is to provide a comprehensive and reliable overview of the state of the art, while situating individual
solutions within the broader research and evaluation context in which they were conceived and
assessed.

4.1. Publication trend and dataset utilization

The first part of the analysis focuses on the evolution of research interest in the topic addressed by this
survey. By examining publication trends over time, we aim to understand how attention to navigation
solutions for BVI users has developed within the scientific community. In parallel, we also consider the
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Figure 2. Trend of published research papers on navigation solutions for BVI persons. The plot illustrates the distribu-
tion of research papers over time.
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Figure 3. Percentage distribution of studies using or providing open datasets.

efforts made by researchers to use or publish open datasets—an important factor in promoting trans-
parency, reproducibility, and collaborative progress in the field.

Figure 2 illustrates the annual number of published articles, demonstrating a consistent upward
trend over the years. This growth reflects the increasing recognition of the importance of the topic and
the growing interest among researchers.

Beyond the volume of research, the reproducibility and openness of studies play a crucial role in
fostering scientific progress. Figure 3 presents the proportion of articles that either employ publicly
available datasets or introduce new datasets for training and evaluating navigation systems in this
domain. This distribution highlights the community’s efforts toward transparency and data sharing,
since approximately one in seven articles makes datasets publicly available. The use of existing data-
sets supports comparability between approaches and promotes standardized evaluation metrics. At
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the same time, many studies contribute new datasets, enriching the research landscape and broaden-
ing the range of testing scenarios. This synergy between reusing and sharing data illustrates the
research community’s commitment to developing robust and generalizable navigation solutions for
BVT individuals.

4.2. Navigation systems

This section analyzes the navigation technologies employed across the scientific studies reviewed. By
examining the frequency of these technologies in the literature, we highlight prevailing trends and pref-
erences within the field. In addition, we explore the integration of multiple technologies and their pat-
terns of co-occurrence, aiming to identify synergies that may inform and guide future research in
navigation solutions for BVI individuals. Often, technologies used for connectivity and communication
between devices are mentioned and utilized in these papers. However, they were not counted in the
analysis unless they were specifically employed for navigation systems. Only technologies strictly used
for navigation purposes were considered in our evaluation.

Figure 4 provides a comprehensive overview of the frequency with which different technologies are
employed in navigation systems designed BVI users. For each technology, the figure also indicates how
frequently it is used in an indoor, outdoor, combined, or unknown environment. Among the technolo-
gies analyzed, the camera is the most frequently used. Given significant advances in systems and mod-
els within the field of computer vision, cameras are used in a variety of tasks such as object recognition
and obstacle avoidance. In the same context, LIDAR technology is also utilized in indoor navigation,
providing precise depth perception and detailed mapping capabilities of indoor spaces. Inertial
Measurement Units (IMUs), which track user movement using accelerometers and gyroscopes, are
often used in conjunction with other positioning techniques to improve overall localization accuracy in
indoor spaces. Although UWB offers high precision in positioning, it appears in only a limited number
of studies, likely due to deployment challenges or cost considerations. In indoor environments, Wi-Fi-based
navigation is a widely adopted solution, primarily due to its ubiquitous presence and the ability to leverage
existing infrastructure for positioning. Similarly, Bluetooth Low Energy (BLE) is frequently employed, offer-
ing low-power, beacon-based navigation methods that enhance navigation support. As expected, Global
Navigation Satellite System (GNSS) is the most prevalent technology for outdoor navigation, offering reliable
and accurate results. Interestingly, its presence in some indoor navigation studies suggests ongoing efforts to
integrate satellite-based positioning with hybrid approaches, aiming to enhance robustness in more complex
and dynamic environments.

Technologies Usage Frequency

Total Sum

Camera
GNSS
BLE
IMU
WiFi
Lidar N .

UwB ~— - D"
Testing Both Indoor Outdoor Not Specified
Environment

Figure 4. Frequency of different technologies on different testing environments.
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Beyond individual technologies, the analysis suggests that hybrid approaches combining multiple
navigation methods are a growing trend, as they allow for improved robustness and adaptability in
real-world navigation scenarios. The integration of these technologies into assistive systems for BVI
users is a critical area of research, with ongoing developments aimed at enhancing accessibility and
independence through more reliable and efficient navigation solutions. As shown in Figure 5, the
majority of the systems—53%, corresponding to 40 out of 75 studies—rely exclusively on a single tech-
nology. In contrast, 33% of the systems, or 25 studies, incorporate two or more technologies, indicating
a trend toward hybrid solutions that leverage the combined strengths of multiple technologies to
enhance accuracy, improve reliability, or expand the range of operational conditions. The remaining
13%, accounting for 10 studies, focus on theoretical aspects or engage in navigation methods that have
yet to be developed in practical scenarios, real-world or simulated. The preference for single versus
multiple technologies may also be influenced by factors such as cost, available expertise, intended appli-
cation environments, and specific performance criteria. The fact that one in three studies integrates
multiple technologies may reflect a response to the limitations of single-technology approaches. This
trend suggests a research shift toward developing more versatile and robust systems, where the weak-
nesses of one technology are compensated by the strengths of another, enhancing adaptability across
environments and improving accuracy under varying conditions.

Number of Papers by Number of Technologies Used
40

30
20

10

9 (o] 1 2 3 4

Figure 5. Percentage distribution of research papers based on the number of distinct technologies utilized in the navi-
gation system.

Number of Papers by Number of Technologies Used

Camera

Figure 6. Co-occurrence of various technologies used in navigation systems.
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The co-occurrence diagram of navigation systems technology (Figure 6) visually represents the rela-
tionships and co-occurrences between different technologies used in the analyzed navigation systems.
Each technology is represented as a portion of the circle. The size of each portion is determined by the
number of connecting arcs and reflects how frequently a technology is utilized in conjunction with
other technologies. Each arc connecting two technologies indicates that these technologies have been
used together in a research study.

The visualization highlights strong co-occurrence patterns, where certain technologies are frequently
paired. Highly interconnected technologies like Wi-Fi and BLE are crucial for multi-technology indoor
navigation solutions. However, GNSS stands out as the most connected, primarily due to its extensive
use in outdoor settings as people transition from outdoor to indoor environments. Wi-Fi, BLE, and
UWB exhibit multiple strong connections, indicating their widespread use in combination with other
technologies to enhance navigation accuracy. LIDAR and camera-based systems also show significant
co-occurrence, likely due to their complementary roles in providing visual and spatial awareness. The
integration of different hardware and technologies is showing a positive trend, emphasizing the com-
bination of more general-purpose technologies to create more comprehensive and effective solutions.
By combining different systems, researchers are advancing hybrid approaches that capitalize on the
complementary strengths of multiple technologies. Such integration improves performance and adapt-
ability, enabling broader applicability and innovation.

The characteristics of the navigation algorithm or method not only determine the precision of the
navigation system but are also crucial for its adoption as a practical service. A significant portion of
navigation systems are designed to function independently of specific infrastructure characteristics
(Figure 7). This makes them highly adaptable and easier to deploy across different environments, with
minimal setup or customization. Their flexibility allows for broader applicability and reduces the effort
required for installation and configuration. On the other hand, some systems are tightly coupled with
the physical or geometric properties of the environment, often due to reliance on technologies that
depend on fixed infrastructure. While these systems may offer advantages in precision or performance
within controlled settings, their applicability in varied or dynamic environments is more limited.

Machine learning-based approaches aim to reduce positioning error and integrate multimodal data
to address a range of downstream tasks, such as personalized wayfinding, interactive guidance, and
object identification. However, these methods often require a training phase before they can be used
effectively in real-time scenarios. As we can see in Figure 8, 44% of the navigation solutions analyzed
require a preliminary training phase before deployment. This training is typically enabled through data
collection campaigns conducted on-site or by leveraging publicly available datasets from the scientific

Infrastructure Required

28 %

~72%

No @ Yes

Figure 7. Proportion of technologies requiring infrastructure.
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Figure 8. Percentage distribution of studies indicating whether the navigation system requires a training phase.

community. As previously discussed in Section 4.1, transparency regarding the data used for training is
essential to ensure the reproducibility of the proposed solutions.

A closer inspection reveals that the reliance on a training phase is not uniformly distributed across
navigation technologies. Machine learning-based methods are primarily linked to camera-, LiDAR-,
and Wi-Fi fingerprinting approaches. In these methods, data-driven models are employed to extract
features, learn spatial representations, or map signal patterns to positions. These systems are more often
classified within the medium TRL range. This classification reflects their dependence on environment-
specific data collection and calibration, which limits scalability and real-world deployment. By contrast,
technologies such as GNSS and infrastructure-light inertial solutions tend to be less dependent on train-
ing and are more commonly found in lower-complexity system configurations. This association sug-
gests that although machine learning improves navigation accuracy and enables more advanced
features, it also creates barriers related to dataset availability, reproducibility, and long-term mainten-
ance. These barriers directly affect technological maturity and user adoption.

In line with the above, to facilitate the analysis of the maturity of navigation solutions in the
research topic, we have assigned to each solution a Technology Readiness Level (TRL), categorizing
them into three distinct groups: Low (TRL 1-3), Medium (TRL 4-6), and High (TRL 7-9). An analysis
of these categories reveals a predominant concentration of studies within the Medium TRL category,
indicative of technologies that have progressed beyond basic research but have not yet been fully devel-
oped or commercialized. In contrast, there are no entries in the High TRL classification, suggesting a
lack of technologies that have reached advanced stages of readiness, including final testing and valid-
ation in real-world conditions. The distribution indicates that 60% of the studies are classified at a
medium level, while the remaining 40% fall into the low category. This suggests that while numerous
studies have conducted tests on navigation systems within controlled or partially controlled environ-
ments, some involving target user groups, these systems have not yet achieved full deployment in actual
operational settings. The absence of High TRLs underscores a significant gap between technology devel-
opment and its practical, real-world application. This gap highlights the challenges in moving from
prototype testing to the final stages of user-centered validation and deployment. Therefore, this analysis
points to the need for increased efforts to bridge the transition from medium to high readiness levels,
ensuring that new reliable navigation solutions can be commercialized providing tangible benefits to
end users.

4.3. Testing environment

This subsection presents an in-depth analysis of the types of testing environments employed in the
research studies covered by our survey. This analysis is focused on where and how tests are conducted.
We aim to explore the implications of these chosen environments on the research methodology and
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Figure 9. Percentage distribution of environment categories used to test navigation solutions.

effectiveness of the tested solutions. By examining the environment types, we can assess the rigor and
relevance of the testing processes employed in these studies. This will allow us to discuss how compre-
hensively the environment is integrated into the research design and its impact on the validity and
applicability of the research findings. This detailed analysis will contribute to our understanding of the
broader trends in testing practices within the field and inform recommendations for future research
methodologies.

The distribution of testing environments across the analyzed studies reveals different approaches to
system evaluation. Figure 9 illustrates the distribution of testing environments used in various studies,
segmented into four primary categories: Indoor, Outdoor, Both I/O, and Not Mentioned. From the chart,
it is evident that a significant portion of the studies, specifically 33.3%, utilized a combination of both
indoor and outdoor environments, reflecting a comprehensive approach to testing. This is closely fol-
lowed by exclusively indoor environments, which account for 34.7% of the studies, indicating a strong
focus on systems designed for interior spaces. Outdoor testing environments are used in 18.7% of the
studies, suggesting a lesser but still notable emphasis on outdoor evaluation. Additionally, 13.3% of the
studies fall under the Not Mentioned category, indicating that these works did not include a test cam-
paign to evaluate their models. This is often because the studies focus on high-level discussions or
purely algorithmic solutions, rather than presenting fully developed, ready-to-use systems. The fact that
more than one in three studies tested their solutions in both indoor and outdoor environments indi-
cates a concerted effort to develop systems capable of supporting a wide range of daily tasks for BVI
users.

To provide a more detailed analysis of the testing environments, we conducted a more granular cat-
egorization based on the nature of the environment in which the evaluations took place. Specifically,
we classified the test environments into four categories, as described in 3.2: Citizen, Real Scenario,
Controlled, and Simulative, selected to reflect the distinct characteristics and contexts of the testing set-
tings. The Sankey diagram in Figure 10 illustrates both the frequency with which each type of environ-
ment was used during testing and the detailed context through the coupling of these labels. By
observing the thickness of the links in the figure, it becomes evident that the most commonly used
environments are indoor spaces within controlled settings, likely due to the structured nature and man-
ageability of such environments in research contexts. The second most frequent combination is that of
both indoor and outdoor environments tested in real-world scenarios, reflecting an effort to evaluate
system performance under realistic and diverse conditions.
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Figure 10. Relationship between testing environments and environment types in studies on navigation systems for
blind and visually impaired (BVI) users.

Input technologies for Target Users

1

11

Audio Tactile
@ Tactile + Audio
@® Not Mentioned

Figure 11. Percentage distribution of input technologies used by target users to interact with the system.

4.4. User technologies

Understanding how navigation systems interact with end users is essential for assessing their usability
and overall effectiveness. In this subsection, we examine key aspects of user interaction, focusing on the
input technologies that users rely on to communicate with the system, as well as the feedback modal-
ities employed to deliver navigation information. By examining these factors, we aim to evaluate how
well navigation systems are designed with user needs in mind, with a particular focus on ensuring
accessibility and ease of use for BVI individuals.

The literature shows a clear preference for human-centered approaches, with 92,7% of the studies
focusing exclusively on human users, while only 7,3% address scenarios involving both humans and
robot companions. Only a small number of studies explore the use of autonomous robotic companions,
with most research focusing instead on solutions that directly support and empower the user without
intermediary devices. In this context, the term robot is used to refer specifically to autonomous systems,
rather than assistive tools like belts or canes. This trend highlights a broader commitment to developing
technologies that integrate seamlessly into the user’s experience and promote independence.

The analysis of input technologies used in navigation systems reveals several notable trends, as illus-
trated in Figure 11. A significant portion of the studies either omit explicit descriptions of input mecha-
nisms or fail to clarify how users are intended to interact with the system. This highlights a critical
area that requires further development and focused research within the field. Among the solutions that
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Figure 12. Overview of feedback technologies used by systems to interact with target users.
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Figure 13. Relationship between input and output technologies for the BVI user in the navigation solutions.

do specify input modalities for the target user, tactile input emerges as the most common approach,
typically employed to start the system or adjust its settings. Audio input, often implemented through
natural language commands, enables users to report their status or request updates, fostering a more
interactive and responsive user experience. These findings underscore the diversity of interaction strat-
egies explored in the literature, while also emphasizing the need for more precise definitions and more
consistent implementation of user-system interaction mechanisms.

The analysis of output technologies, shown in Figure 12 illustrates the output technology modes
employed by navigation systems, representing the types of feedback received by the target user and their
respective frequencies of use. These modes include single modalities—such as audio, vibration, and haptic
feedback—as well as combinations of these. The analysis reveals that audio is the most commonly used
output modality for interacting with blind and visually impaired users. It is the most prevalent as a stand-
alone technology and is frequently combined with vibration or haptic feedback. Audio-based feedback,
delivered through alerts, beeps, or natural language, is regarded as the most intuitive and effective com-
munication method in the analyzed systems. Additionally, vibration feedback, being less intrusive, is often
integrated alongside audio to enhance user interaction without overwhelming the user.

A broader perspective on user interaction emerges when examining the relationship between input
and output technologies, as visualized in Figure 13. The relationship between different input and output
technologies used in navigation systems provides a comprehensive view of how these systems interact
with target users. Specifically, it highlights the combinations of input and output modalities employed
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across the analyzed studies. The most prominent flow represents systems that do not incorporate user-
provided inputs but instead communicate with users exclusively through audio feedback. As previously
noted, a significant number of studies do not leverage user inputs to enhance system functionality. This
is further evidenced in Figure 13, which shows that relatively few navigation systems engage in bidirec-
tional interaction, both receiving input from users to refine system knowledge and providing feedback
to improve user experience.

This analysis of the user-system interaction reveals challenges for BVI users in navigation systems.
While most systems prioritize human-centered design over robotic companions, many do not explicitly
define user interaction methods, limiting transparency in usability assessments. Audio remains the
dominant feedback modality, though greater integration of multimodal approaches could enhance
accessibility. Bidirectional interaction is underutilized, with most systems focusing on output rather
than incorporating user input to refine navigation.

4.5. Usability

This section analyzes the navigation solutions in terms of usability and the involvement of target users.
Specifically, it examines whether BVI users were involved during the design and test phases of system
development and whether particular attention was given to ensuring ease of use.

The analysis shows that only around 39% of the studies systematically involved target users during
the design phase of navigation systems (Figure 14). We refer to studies that involved BVI users by
design as those that conducted a preliminary analysis, such as focus group interviews, to gain a deeper
understanding of user needs in navigation systems. User involvement at this early stage remains lim-
ited, reducing the opportunity for BVI users to contribute valuable first-hand experiences and insights

Target Users Involved by Design

38,7%

-~ 6l3%

Figure 14. Percentage distribution of studies with target users involved by design.

Training Required for Target Users

—493%
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Figure 15. Percentage distribution of studies requiring user training for target participants.
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that could enhance system usability. Increasing the participation of target users during the design phase
could offer substantial benefits by complementing later usability evaluations and helping ensure that
the final systems are more closely aligned with real-world user expectations and requirements.

The complexity of navigation solutions, often determined by the user interaction modalities and the
physical setup required, can necessitate a preparation and training phase before actual use.
Approximately half of the navigation solutions analyzed, as illustrated in Figure 15, require target users
to undergo a preparation or training phase before they can effectively operate the system. This suggests
that many solutions involve interaction methods or configurations that are not immediately intuitive.
Some systems prioritize advanced functionality that demands user adaptation, often without a clear
focus on minimizing the learning curve or facilitating seamless user engagement. To support greater
user independence and ease of adoption, future research should aim to reduce or eliminate the need
for extensive training, promoting the development of systems that are more intuitive, accessible, and
ready to use with minimal user effort.

Furthermore, Figure 16 shows the percentage of studies that performed usability tests on their pro-
posed navigation systems with target users. Usability tests were carried out in controlled environments
involving either BVI users or blindfolded participants to assess the system’s usability. Only a 44% of
the analyzed works incorporated a testing phase, while the remaining studies did not include any form
of evaluation or user-centered assessment.

A broader view of user-centered efforts across the analyzed studies is presented in Figure 17, which
maps the relationships between user involvement by design, the need for user preparation, and the
implementation of usability assessments. The data suggest that studies involving target users—through
focus groups or interviews—were more likely to develop navigation systems that were ready to use
without requiring prior user training.

Usability Test

44 %

—56%

Figure 16. Percentage distribution of studies with usability tests.

Target User Involved

by Design User Training Usability Test
& ho No
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Figure 17. Relationship between usability testing, user involvement in design, and the need for training among
target users.
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Although these studies frequently conducted usability testing, reflecting a strong user-centered design
philosophy, this approach remains the exception rather than the norm. In fact, most studies did not
report direct usability metrics or user satisfaction scores. Thus, the limited involvement of end users in
the design and development process suggests that many solutions are in the early stages of develop-
ment. This limited engagement may contribute to accessibility challenges and an increased reliance on
preparatory training. These findings highlight the importance of adopting more user-centered design
practices in future research.

5. Commercial solutions

For the sake of completeness with respect to the technical and technological solutions discussed in the
literature, this article also analyzes a set of commercial solutions currently available on the market. This
section aims to complement the academic perspective by considering representative industrial products
that implement key technologies exploited in assistive navigation systems. The objective is not to pro-
vide an exhaustive market survey, but rather to contextualize the proposed discussion by highlighting
mature commercial solutions and illustrating how research concepts are translated into deployable
systems.

The identification of commercial products followed an exploratory search strategy, combining pub-
licly available information on commercial offerings and technology providers active in the assistive
navigation domain. This process was further supported by collaboration with a national association for
visually impaired users, which contributed by indicating well-established assistive technology platforms
and specialized websites commonly referenced by end users. The selection was guided by criteria
including functional relevance to navigation tasks, technological maturity, evidence of real-world use,
and diversity of interaction modalities. Solutions still in early prototyping phases or lacking demon-
strated adoption were generally excluded.

Before introducing the main commercialized technologies for assisting BVI users in indoor and out-
door navigation, it is worth mentioning Wayfindr (2022), a nonprofit organization that developed the
first internationally recognized Open Standard for accessible audio navigation. The Wayfindr
Recommendation provides design guidelines for audio-based navigation systems, supporting the devel-
opment of inclusive and interoperable solutions. To date, Wayfindr represents a widely acknowledged
benchmark for public and private stakeholders involved in the deployment of accessible navigation
technologies.

Table 1 provides an overview of the selected commercial solutions, reporting information about the
product name, reference, developing company, description, website, interaction interface, underlying
technology, and main functionality. While several other commercial products exist, including all avail-
able solutions would be beyond the scope of this work. The selected set is intended to be representative
rather than exhaustive, and sufficient to illustrate the diversity of current commercial approaches rele-
vant to the discussion presented in this paper.

Most technologies currently available on the market are designed as wearable devices, with camera-
based systems representing the predominant approach within this category. Cameras have been inte-
grated into various form factors, most notably smart glasses. For example, solutions such as Envision
Glasses (Envision, 2020) and Kapsys (2015) employ specialized eyewear equipped with cameras for
intelligent, real-time environmental recognition.

In contrast to Envision Glasses, which primarily focuses on object and scene recognition, Kapsys
(2015), a French company specializing in accessible navigation solutions, complements visual perception
capabilities with GPS-based navigation guidance. Its devices are specifically designed to provide turn-
by-turn instructions and accessible routing, offering direct support for outdoor navigation to BVI users.

In the domain of camera-based systems, recent commercial developments have introduced wearable
head-mounted devices equipped with vision sensors. A notable example is SuperBrain (Sense, 2024), a
vibrotactile toroid worn like a halo around the head that supports BVI navigation through tactile feed-
back. The system integrates an RGB camera, multiple 3D point cloud cameras, and a thermal camera.
Data captured by these sensors is transmitted to a central processing unit, where an Al algorithm proc-
esses and integrates the information before delivering it to a haptic interface composed of actuators



20 D. BELLI ET AL.

Table 1. Commercial devices for visually impaired navigation.

Product
name [ref]

Company

Description

Website

Interface

Technology

Main feature

SuperBrain
(Sense, 2024)

FeelSpace Belt
(FeelSpace,
2021)

Wayband
(WaerWorks,
2021)

BuzzClip (iMerciv,
2017)

Jumen Glasses
(lumen, 2024)

Envision Glasses
(Envision,
2020)

KapX (Kapsys,
2015)

Navilens (2015)

BIPED (2025)

7Sense

FeelSpace

WearWorks

iMerciv

Jumen

Envision

Kapsys

Navilens

MAEL

Wearable head-mounted
device that translates
visual data into haptic
feedback on the
forehead of the user. It
helps users detect and
avoid obstacles.

Haptic belt that provides
directional feedback for
spatial orientation,
helping users navigate
outdoors integrating
mobile phone
technologies.

Haptic wristband that
guides users via
vibrations, using GPS to
direct them to their
destination.

Wearable sonar device that
detects obstacles and
provides haptic feedback,
enhancing user
awareness in indoor and
outdoor settings.

Wearable head-mounted
device with haptic
feedback, designed to
guide the user in the
right direction while
avoiding obstacles.

Glasses providing visual
recognition and
description through
auditory feedback.

Wearable glasses with real-
time object notification
and obstacle avoidance,
seamlessly 3D audio cues
for navigation.

QR codes placed in public
or private spaces to be
scanned by smartphones,
providing audio or
haptic feedback via apps
for orientation in
complex environments.

Wearable hands-free Al-
based mobility aid that
uses multiple cameras to
detect obstacles,
perceive the surrounding
environment, and
provide real-time audio
guidance for safe
navigation by using GPS.

7Sense.ee

feelspace.de

haptic.works

imerciv.com

dotlumen.com

letsenvision.com

Kapsys.com

Navilens.com

biped.ai

Forehead
vibration

Waist vibration

Wristband
vibration

Vibration

Audio & Vibration

Audio

Audio

Audio & Vibration

Audio

Camera

Inertial
Sensors

Inertial
Sensors

Sonar

Camera

Camera

Camera

Camera
Inertial Sensors

Camera & Al

Obstacle
Avoidance

Outdoor
Navigation

Outdoor
Navigation

Object
Avoidance

Obstacle
Avoidance

Object & Text &
Scene
Recognition

Object
Recognition

Indoor/Outdoor
Navigation

Obstacle
Avoidance &
Outdoor
Navigation

positioned on the user’s forehead. A similar approach is adopted by Dotlumen Glasses (lumen, 2024),
an assistive head-mounted device that utilizes a suite of advanced sensors, including LiDAR, to recog-
nize objects and obstacles in the environment. The system provides real-time feedback via tactile vibra-
tions and auditory cues, enabling users to better understand their surroundings and navigate safely.
Another example in this category is Biped (BIPED, 2025), a hands-free wearable system designed as an
Al-based mobility aid. Unlike traditional smart glasses, Biped employs multiple cameras mounted on a
shoulder-worn harness to perceive the surrounding environment over a wide field of view. The system
focuses on real-time obstacle detection and spatial awareness, providing continuous auditory guidance
to support safe GPS-based navigation in outdoor scenarios. The device originated as a Kickstarter-based
project and, while it has not yet reached the same level of technological maturity and large-scale
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adoption as other commercial solutions, it is under active development and continuously evolving
through feedback collected from a growing community of end users.

Several commercial solutions are available on the market that do not rely on cameras or visual input
to provide feedback and guidance to users. The feelSpace naviBelt (FeelSpace, 2021), for example, is a
wearable belt that employs haptic feedback via vibrating motors to indicate directions and guide the
user safely. It connects to a smartphone via Bluetooth and leverages GPS data to deliver real-time navi-
gation cues. In the same category of camera-free wearable devices, the WearWorks Wayband
(WaerWorks, 2021) is a wristband that uses vibration patterns to provide turn-by-turn navigation with-
out relying on visual or auditory channels. Like the naviBelt, it connects to a smartphone via Bluetooth
and uses GPS signals for positioning. Both devices offer hands-free interaction and represent
discreet alternatives to traditional mobility aids such as white canes or guide dogs. However, these sys-
tems likely rely on a combination of GPS and inertial sensors, raising questions about their effective-
ness in indoor environments where GPS signals may be weak or unavailable. Another example is the
BuzzClip (iMerciv, 2017), a small wearable device equipped with an ultrasonic sensor that detects
nearby obstacles and provides haptic feedback through vibration. It can be clipped onto clothing, offer-
ing hands-free operation and enhancing spatial awareness. Unlike the other solutions, BuzzClip func-
tions primarily as an obstacle detector and does not support navigation or path-finding features.
Among the systems that do not rely on cameras, the NaviLens (Navilens, 2015) system stands out for
its innovative use of QR codes. Unlike traditional navigation approaches, NaviLens does not require
prior knowledge of the environment’s map. Instead, it relies on strategically placed QR codes that act
as points of interest. The system employs a unique type of QR code that can be easily detected from a
distance and at wide angles using a standard smartphone, without requiring precise alignment. This
feature makes it particularly effective for use in public transportation and urban environments, where
quick and flexible interaction is essential.

While all the products presented are commercially available and have reached the market, their real-
world adoption varies considerably. Devices such as Envision, and Kapsys have achieved relatively
higher usage due to their practical utility in everyday tasks, such as text and object recognition, yet
high costs and reliance on specialized hardware can limit accessibility for a broader audience.
Moreover, these devices can detect and recognize objects, text, and faces, providing valuable assistance
for BVI users. However, their reliance on line-of-sight can limit performance in cluttered or crowded
environments, and battery life can restrict continuous usage, particularly for head-mounted devices
requiring intensive processing. Haptic navigation aids, including SuperBrain, FeelSpace, and Wayband,
show moderate adoption: although effective in controlled studies, their wider use is constrained by the
learning curve required to interpret tactile cues, limited awareness among potential users, and integra-
tion requirements with smartphones or other infrastructure. Systems like BuzzClip and lumen Glasses
serve more niche purposes, primarily obstacle detection, which may reduce their perceived value for
comprehensive navigation. Navilens, leveraging QR codes for indoor and outdoor orientation, has
demonstrated success in pilot deployments in public spaces, though large-scale adoption depends on
extensive infrastructure installation and user familiarization. Finally, SuperBrain device and Dotlumen
Glasses similarly provide real-time feedback for navigation. While these systems enable enhanced spatial
awareness, their indoor performance can be affected by low lighting conditions, complex layouts, or
dynamic obstacles, which may reduce detection accuracy. Furthermore, the processing demands of inte-
grating multiple sensors and delivering real-time feedback can increase power consumption, limiting
usage time and requiring frequent recharging.

6. Discussions and conclusions

This survey presents a comprehensive examination of current localization and navigation solutions for
Blind and Visually Impaired (BVI) individuals, offering a nuanced analysis across technical, usability,
and inclusivity dimensions. Our findings indicate a vibrant research landscape marked by promising
trends and persistent challenges that must be addressed to bring these solutions closer to real-world
deployment. Despite the strengths of the adopted methodology, a number of limitations must be recog-
nized. In particular, as stated in the methodology section, the review is intentionally restricted to



22 D. BELLI ET AL.

Table 2. Summary of key findings and limitations.

Dimension

Summary of findings

Implications / notes

Transparency and
Standardization

Dominant Technologies

Hybrid Approaches

TRLs

Commercial Solutions

User Interaction

User-Centered Design

Emerging Trends

Growing interest in open science; only ~1 in 6
studies share datasets.

Camera-based systems widely used, especially in
commercial solutions; strong reliance on RGB/
RGB-D sensors.

Increasing use of BLE, WiFi, GNSS, IMU, and LiDAR
in combination.

Most systems remain at medium TRLs; no systems
reach TRL 7-9.

Examples include OrCam, NaviLens, SuperBrain,
Dotlumen Glasses, Wayband.

Predominantly audio feedback; limited multimodal
interfaces; rare bidirectional interaction.

Only a minority of studies involve users in early
design phases.

Growing integration of deep learning, scene

Limited dataset availability hinders reproducibility
and cross-study comparison.

Pro: availability, low cost, ease of integration.
Cons: line-of-sight, power consumption, indoor
performance.

Hybrid systems mitigate weaknesses of single-
technology solutions and improve adaptability.

Gap between research prototypes and deployable
products.

Show industrial interest but often limited in
flexibility and context awareness.

Many systems require user training; few
incorporate user feedback during design.

When adopted, usability improves and training
demands decrease; co-design is essential.

Shift toward intelligent, real-time assistive agents.

understanding, contextual reasoning, and LLM-
based navigation.

Increasing use of haptics, GPS, and real-time
processing in wearable devices.

Lack of consistent evaluation metrics, reporting
formats, and user profiling.

Multimodal and Wearable
Solutions
Standardization

Improves accessibility and user comfort but
challenged by indoor reliability.

Adoption of open standards and FAIR principles is
crucial for progress.

journal articles. While this choice ensured the inclusion of mature and methodologically complete stud-
ies, it may have excluded influential conference publications. This represents a potential limitation, as
the chosen strategy may not have been effective in capturing recent technological innovations that are
often disseminated through specialized conferences. A second limitation concerns the reliance on
Scopus as the primary digital library. Although Scopus provides extensive coverage in engineering and
computer science, depending on a single source may introduce bias, even considering its substantial
overlap with the Web of Science in these domains. These methodological decisions were made to bal-
ance precision, relevance, and feasibility, but they inevitably constrain the breadth of the retrieved
literature.

A high-level synthesis of the key findings and main implications is reported in Table 2, where the
results are organized by thematic dimension to facilitate cross-comparison and to highlight common
trends and critical gaps in current localization and navigation solutions for BVT users.

6.1. Synthesis of key findings

The review highlights a growing commitment within the research community to transparency and
standardization. Although only approximately one in seven studies utilized or shared public datasets,
this marks a positive trend toward open science. Such practices are essential for ensuring reproducibil-
ity and fostering collaboration. These findings are directly drawn from Section 4.1 and the dataset sum-
marized in the Supplementary Material, which show that training datasets are minimally reported and
shared across systems.

Technologically, camera-based systems remain the dominant approach, particularly within commer-
cial solutions. Vision-based methods, often coupled with machine learning algorithms, are widely
adopted due to their rich environmental sensing capabilities. However, some studies and practical
reports suggest potential concerns regarding line-of-sight dependency, power consumption, and indoor
performance, which may limit their effectiveness in certain scenarios.

Our analysis in Section 4.2 (together with Figures 4 and 6) shows that hybrid approaches combin-
ing multiple technologies such as BLE, WiFi, GNSS, IMU, and LiDAR are being used more fre-
quently to offset the weaknesses of single-technology systems and enhance adaptability across
diverse environments.

From a sensing perspective, the surveyed navigation systems can be broadly categorized into camera-
based, LiDAR-based, and hybrid camera-LiDAR approaches. The majority of the reviewed studies rely
exclusively on monocular or RGB/RGB-D camera solutions (Abdurrasyid et al., 2022; Cheng et al,
2021; Abu Rass et al., 2023; Afif et al.,, 2020; Hu et al., 2020; Ahmetovic et al., 2023; Mashiba et al.,
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2020; Akilandeswari et al., 2022; Anandan et al., 2020; Asakura, 2021; Lupu et al., 2020; Atitallah et al.,
2023, 2024; Badawi et al.,, 2021; Bala et al., 2023; Barontini et al., 2021; Chaudary et al., 2023; Cheng
et al.,, 2020; Crabb et al., 2023 Diaz-Toro et al., 2022; Dourado & Pedrino, 2023; Duh et al., 2021;
Faurina et al, 2021; Hou et al., 2022; Joshi et al, 2020; Kaul et al, 2021; Kumar & Jain, 2022;
Kuriakose et al., 2023; Li et al.,, 2023; Lima et al., 2023; Lo Valvo et al., 2021; Chen et al., 2021; Lu
et al., 2021; Marzec & Kos, 2021; Na et al., 2024; Ntakolia et al.,, 2022; Papagianopoulos et al., 2023;
Plikynas et al., 2022; Pydala et al., 2023, 2024; Rahman et al., 2022; Rusli et al., 2022; Saha et al., 2021;
Said et al., 2023; Song et al., 2023; Vijetha & Geetha, 2024), reflecting the widespread availability, low
cost, and ease of integration of camera sensors, particularly in smartphone-based systems.

A smaller subset of studies adopts hybrid solutions that combine camera-based perception with
LiDAR sensing to exploit their complementary strengths (Asakura, 2021; Bala et al., 2023; Lu et al,
2021; Mashiba et al., 2020; Na et al., 2024). These approaches typically leverage visual information for
semantic understanding while relying on LiDAR for precise depth estimation and robust obstacle
detection.

In contrast, only a limited number of works focus exclusively on LiDAR-based navigation, with
(Bakouri et al., 2023) representing a standalone example that relies solely on LiDAR sensing for envi-
ronmental perception and navigation support.

Our analysis also reveals a significant concentration of research efforts in medium Technology
Readiness Levels (TRLs), with few systems reaching TRL 7-9. As stated before, most solutions remain
at an intermediate stage of development, highlighting a gap between research prototypes and real-world
deployment. Commercial products like OrCam, NaviLens, and SuperBrain reflect industrial interest, yet
many of these systems are still limited in their flexibility or context awareness.

User interaction remains an area requiring substantial refinement. While most solutions offer audio
feedback, often paired with vibration, fewer integrate multimodal interfaces or offer robust input mech-
anisms. Bidirectional interaction is rare, and many systems lack clarity on how users engage with the
device. Section 4.5 demonstrates that approximately half of the systems require user training, and that
only a few incorporate end-user feedback during the design phase. These findings underscore the direct
connection between interaction strategies and system usability.

User involvement in the development lifecycle is also limited. Only a minority of studies reported
user inclusion during the design phase. However, where user-centered design was adopted, systems
demonstrated higher usability and reduced training demands. This supports the conclusion that co-
design is essential not just for inclusivity, but for functional effectiveness.

6.2. Implications and emerging trends

The growing role of neural networks and deep learning-based models, particularly in visual recognition,
scene understanding, and contextual awareness, indicates a paradigm shift. These models are increas-
ingly embedded into real-time assistive agents capable of scene parsing and user intention prediction.
Notably, the work in (Coffrini et al., 2025) exemplifies this shift, proposing the Large Language Model
to generate natural, context-aware navigation instructions from indoor map images. Another key trend
is the integration of commercially available devices into assistive solutions. Wearable systems such as
Dotlumen Glasses and Wayband show how haptic, GPS, and real-time processing can be combined
into discreet, user-friendly tools. These findings, drawn from Sections 4.2, 4.3, and 4.4, suggest that
combining multiple sensors and multimodal feedback improves accessibility and enhances the real-
world utility of navigation solutions. However, these innovations still face challenges related to indoor
reliability and contextual adaptability.

Standardization is crucial to further progress. The lack of consistent evaluation metrics, reporting
formats, and user profiling hampers comparison across studies. As emphasized in our prior work
(Anagnostopoulos et al., 2025), adopting open standards and FAIR data principles can foster reproduci-
bility and accelerate innovation. Initiatives like Wayfindr provide valuable guidelines for accessible
audio navigation and should be widely adopted. This recommendation is informed by Section4.5, which
highlighted the scarcity of standardized usability metrics across studies.
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6.3. Future directions

Looking ahead, several directions can guide the advancement of navigation technologies for BVI indi-
viduals. These recommendations are grounded in the analyses conducted in Sections 4.1 — 4.5, includ-
ing TRL distribution, technology co-occurrence, and user-system interaction patterns. First, there is a
need to move toward higher TRLs through real-world trials and evaluations across diverse environ-
ments such as urban spaces and multimodal transit systems. As evidenced in our study, the majority of
systems remain at medium TRLs, underscoring the importance of validating solutions in real oper-
ational contexts. Equally important is the promotion of user-centered design methodologies from the
outset of development, ensuring that the systems genuinely reflect the preferences, needs, and limita-
tions of their intended users. Section 4.5 shows that systems incorporating end-user feedback tend to
require less preparatory training and demonstrate better usability, emphasizing the value of co-design
practices.

Interaction strategies should evolve toward more natural and multimodal formats, including voice,
gestures, and haptic, while maintaining ease of use and minimizing the need for extensive training.
This recommendation is informed by our analysis of input/output modalities in Section 4.5, which
revealed that most solutions rely heavily on audio feedback and underutilized bidirectional or multi-
modal interaction. In parallel, encouraging the sharing of datasets and the adoption of open evaluation
frameworks is essential to enable fair comparisons and foster research reproducibility. Our findings in
Section 4.2 indicate that only a minority of studies make datasets publicly available, which limits bench-
marking and the broader evaluation of technological performance. Finally, building strong collabora-
tions between academia, industry, and public institutions can accelerate the transition from prototypes
to scalable commercial products.
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