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Abstract: Blindness and low vision are increasing serious public health issues that affect a significant
percentage of the population worldwide. Vision plays a crucial role in spatial navigation and daily
activities. Its reduction or loss creates numerous challenges for an individual. Assistive technology
can enhance mobility and navigation in outdoor environments. In the field of orientation and
mobility training, technologies with haptic interaction can assist individuals with visual impairments
in learning how to navigate safely and effectively using the sense of touch. This paper introduces a
virtual reality platform as a groundbreaking tool for developing navigation techniques within a safe
yet realistic environment. Following extensive optimization, we present a visual representation that
accurately simulates various 3D tile textures using graphics replicating real tactile surfaces. We
conducted a user interaction study in a virtual environment consisting of 3D navigation tiles
enhanced with tactile textures, placed appropriately for a real-world scenario, to assess user
performance and experience. The study also assess the usability and User Experience of the platform.
The findings contribute to developing of novel navigation techniques for individuals with visual
impairments.

Keywords: visual impairment; tactile paving; haptic feedback; human-computer interaction; virtual
reality; orientation and mobility; assistive technology; user experience

1. Introduction

The population with visual problems has increased over the past two decades. Visual
impairment affects hundreds of millions globally and manifests in various forms and severities.
Vision loss significantly impacts individuals’ quality of life and daily functioning. A 2015 World
Health Organization’s (WHO) study reported a reduction in blindness prevalence from 0.75% in 1990
to 0.48% in 2015, with moderate to severe vision loss decreasing from 3.83% to 2.90% [1]. A 2020 WHO
report estimates that approximately 2.2 billion people worldwide have low vision [1]. The projections
for the future are concerning. The number of people affected by these conditions is estimated to
increase significantly in the coming years. Specifically, the affected individuals are expected to reach
nearly 115 million by 2050. Contributing factors include population growth and aging, increasing
diabetes prevalence, one of the leading causes of blindness, urbanization with poor environmental
conditions, and limited access to healthcare, resulting in delays in diagnosis and treatment.

For individuals with visual impairments, independence and self-confidence in performing daily
activities are significantly affected. Blindness affects both the psychological well-being and the
practical ability of individuals to function independently. The main areas include:

e Independence (daily activities, mobility, use of public transportation)

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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e  Self-confidence (reduced self-esteem, decreased confidence in their abilities)
e  Emotional impact (influence on social relationships, isolation, social prejudice and stereotypes,
social activity, grouping)
A decline in quality of life and productivity, particularly among older adults, imposes significant
economic costs on society, including increased expenditures for long-term care [2]. Most studies
emphasize that reduced quality of life primarily concerns elderly populations. The study by Tore
Bonsaksen et al. expands the literature by showing that variations in quality of life occur across adults
of all age groups [3]. Moreover, the findings suggest that these differences are mainly found at higher
quality of life, as individuals with visual impairments tend to adapt more comfortably to intermediate
levels. The results indicate that visual impairment hinders individuals from attaining the highest
levels of their perceived ideal quality of life. The extent to which these effects are felt depends on how
well a society has created the appropriate conditions for people with vision impairments to live
socially active, meaningful, and fulfilling lives.
Factors such as functional independence, community inclusion, and satisfaction with daily life
and employment can improve quality of life. A related study conducted in Taiwan [4] examines how
visual impairment influences social participation, intending to develop interventions that promote
inclusion and well-being among individuals with visual disabilities. Overall, the study underscores
the need for policies that enhance access to employment and support independent living for
individuals with visual impairments.
This research focuses on mobility and navigation challenges faced by individuals with visual
impairments in urban environments. Specifically, the difficulties they face are centered on:
®  Outdoor navigation (safety while moving, risk of traffic accidents, navigating routes without
assistance)
®  Public transportation usage (inability to orient themselves at stations, difficulty accessing
vehicles)

*  Sensory-guided routes (tactile paving and other guidance technologies, use of tools such as GPS
and navigation devices)

¢ Indoor orientation (difficulty navigating enclosed environments, need for voice guidance
systems)

In recent years, modern object positioning detection systems have been developed. These
systems utilize a combination of radio frequency technologies, sensors, and vision-based methods,
including GPS, WPS, RFID, cellular-based systems, UWB, WLAN, and Bluetooth. In their study, Hui
Liu et al. [5] review these technologies and conclude that new hybrid positioning algorithms are
needed to integrate the strengths of the existing methods. Many major cities have embraced the
concept of accessible tourism, which emphasizes that the built environment should be usable by
individuals with diverse abilities [6]. This approach encourages individuals with disabilities to travel
to these cities without experiencing feelings of isolation, fear, or insecurity. Tactile ground surface
indicators are an effective tool in these cities to ensure safe mobility for blind individuals. These
indicators were first implemented in Okayama, Japan, in 1967. They are mostly embossed square tiles
that indicate direction, change of direction, hazard zones, and service points [6] [7]. Architecturally,
these are textured surfaces made from durable materials such as steel, granite, or hard rubber, and
feature contrasting colors like red and yellow to ensure they are easily perceptible and recognizable
by touch. The tiles design and strategic placement in urban environments is a critical consideration.
However, it has been observed that while tactile surfaces aid individuals with visual impairments,
they may pose obstacles for wheelchair users or elderly individuals [6].

Mobility and navigation in urban environments remain major challenges for individuals with
visual impairments. However, with adequate support, targeted training, and the integration of
modern technologies, there is considerable potential to enhance their independence and rebuild self-
confidence. Orientation and Mobility (O&M) training is a key factor in enabling individuals to move
independently in any environment, whether familiar or unfamiliar [2,8].
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Navigation aids, such as canes, guide dogs, and assistive technologies, are crucial in enhancing
mobility and independence for individuals with visual impairments [9]. However, each of these aids,
along with Orientation and Mobility (O&M) training techniques, presents certain limitations and
drawbacks. Their effectiveness varies depending on individual preferences, the type of visual
impairment, and the specific navigation strategies employed. This highlights the need for consistent
and universal navigation aids [10]. A significant concern is that these tools can expose users,
particularly trainees, to risks such as falls, injuries, or unintended contact with people or objects [2].
A study involving students with visual impairments investigated the challenges encountered during
Orientation and Mobility training [8]. Commonly reported challenges include difficulty recognizing
obstacles while in motion, increased risk of accidents, and limitations in self-protective behaviors.

To address these issues, we propose an immersive virtual reality experience for guided
movement, specifically designed for individuals who are blind, incorporating haptic feedback
technology. Within a safe environment, participants can work and train, while also quantitative and
qualitative data can be collected in real time.

2. Related Work

Although research specifically addressing the simulation and interaction with tactile paving in
urban environments for individuals with visual impairments remains limited, several studies have
explored related domains using virtual reality (VR) and augmented reality (AR) technologies to
improve navigation and mobility. In their study, Fabiana Sofia Ricci et al. [2] examine the use of
virtual reality as a tool for mobility and orientation training among individuals with visual
impairments. The virtual environment designed in Unity and the use of the Oculus Quest VR headset
offer interactive training through haptic, visual, and auditory feedback. The study focuses on
simulating glaucoma, during which users demonstrated decreased performance in orientation and
mobility assessments. Additionally, participants reported high levels of engagement and immersion
in the VR environment. The platform proved effective in raising awareness about the challenges of
visual impairments.

In their study, Alice Lo Valvo et al. present ARIANNA+ [10], a navigation system that uses
computer vision [11], machine learning [12], and augmented reality (AR) to support the mobility of
individuals with visual impairments. Essentially, ARTANNA+ is an enhanced version of the original
ARIANNA system [13], which assists users in following predefined routes in both indoor and
outdoor environments. Testing demonstrated that the system achieves high accuracy in guiding users
and recognizing landmarks using machine-learning techniques. Leveraging technologies such as
ARKit, SceneKit, convolutional neural networks (CNNs), and optical flow tracking, ARIANNA+
delivers an innovative and accessible navigation solution operable on a standard smartphone. Similar
research deals with the development of autonomous navigation systems , presenting SEVN
(Sidewalk Environment for Visual Navigation) an innovative navigation system based on
reinforcement learning (RL) [14]. The study investigates the system’s ability to accurately reach
designated destinations using multimodal input data. Experimental results showed a 74.9% success
rate, indicating promising performance but also highlighting the need for further research to improve
generalization and efficiency. Many navigation applications use various spatial landmarks to help
users orient themselves and navigate safely. However, there is a lack of systematic categorization and
integration of these landmarks within navigation systems. A related study addresses this gap by
categorizing the most frequently used landmarks, based on interviews with individuals who are
blind [15]. The landmarks are classified into those detectable by touch (e.g., tactile floors, stairs,
building corners) and those that confirm the user is on the correct path (e.g., auditory signals, traffic
light signals). The study concludes that incorporating these landmarks into mapping algorithms and
route planning can significantly enhance navigation for individuals with visual impairments. To
further enhance and facilitate this integration, specific geometric features and constraints were
established for each type of landmark. For instance, tactile flooring is modeled as a 400x400 mm
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rectangle, while pedestrian crossings are represented as rectangular areas connecting the BEVs (Built
Environment Vertices) on either side of the street [15].

In a related experiment, nine distinct geometric patterns were tested for their ability to convey
haptic properties within a virtual 3D environment [16]. Using the H3D software and the Touch Haptic
Device (Phantom Omni), the study examined users’ ability to recognize and differentiate between
the nine patterns. Users could distinguish the different textures, with varying recognition rates for
each. The VirtuNav system is an innovative navigation system that offers independence and
autonomy [17,18]. It combines virtual reality (VR), haptic feedback, audio cues, and advanced
navigation algorithms to assist users in exploring indoor spaces. The system reconstructs 2D
floorplans into immersive 3D environments using the X3D graphical format to generate detailed
scenes and models. Obstacle recognition in the scene is achieved using image processing algorithms.
Participants using the Novint Falcon 3-degrees-of-freedom (DoF) Haptic Device demonstrated
improved spatial awareness over time, with concurrent reductions in collisions during repeated
trials. The transfer of knowledge from the virtual to the real environment was successful. The article
by Suayder M. Costa et al. proposes an innovative navigation system combining visual attention and
haptic guidance [19]. This research focuses on a machine learning framework designed to detect
optimal navigation paths using weakly supervised learning, requiring minimal human intervention.
Haptic feedback is achieved through vibrations with accurate guidance, even in complex
environments. Another noteworthy innovation is Virtual Paving [20], which supports independent
navigation through non-visual sensory feedback. Its design guidelines are informed by interviews
and usability tests with blind individuals, aiming to facilitate smooth and efficient walking
experiences. Feedback is delivered through a wearable, everyday-use backpack. Trial evaluations
indicated that participants were able to navigate smoothly along primary pathways measuring 2.1
meters in width. Matthew S. K. Yeo's research [7] is based on an effort to combine hazard detection
methods while robots move through public spaces with visual and haptic tools. The approach
enhances conventional tactile paving to convey additional spatial hazard information. This
experimental tactile paving design enables robots to interpret embedded information using a custom
TSM haptic detection system in combination with a graph neural network (GNN). Experimental
results demonstrated a 71.6% improvement in proactive hazard detection capabilities.

3. Materials and Methods

3.1. Short description

This section presents the implementation of an application designed to train and familiarize
blind individuals with navigating pathways using virtual 3d haptic tactile paving tiles. The section
begins by introducing the hardware and software components, along with the experimental
conditions and key design considerations. The focus then shifts to the environment's design, detailing
the haptic elements and the tasks assigned to participants within the platform. Next, the experimental
simulation is presented along with the hypotheses underlying the experiment and the statistical
methods used to test them. The virtual reality platform is intended to equip specialists with a tool for
teaching visually impaired individuals to navigate in an informed, effective, and safe manner, while
enhancing their engagement through an immersive virtual experience.

3.2. Software and Device

To create the virtual environment, the Unity platform has been selected among other available
options. According to research, it is a popular free software development tool primarily used for
creating games and applications with interactive 3D and 2D graphics [21,22]. It offers robust tools for
graphics development, user interaction, and scene management. Unity supports a wide range of
platforms, including PCs, consoles, mobile devices, and VR systems, enabling developers to deploy
applications across diverse environments. The platform utilizes the C# programming language and
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provides extensive libraries and tools for developing, designing, and integrating graphics and
interactive elements.

The haptic device used to interact with the virtual environment is the “Touch”, developed by
3D Systems (Figure 1). The “Touch” is an electromechanical device designed to provide kinesthetic
feedback by simulating the sensation of physical objects through resistance to the user’s movements.
This enables users to "feel" different textures and shapes, and to interact with virtual objects via a
contact and deformation algorithm [23]. The device is commonly used in VR applications, medical
simulations, training scenarios, and fields that demand precise manipulation of virtual models,
helping reduce product design and development costs [24]. The device features a stylus with three
degrees of freedom (DOF) of motion, which provides resistance or “feedback” to mimic the sensation
of physical objects, such as touching hard or soft surfaces. Previous studies have evaluated the device
in human-machine interaction contexts, particularly for haptic guidance applications [23]. A key
design consideration for the application was identifying the device’s optimal operating zone and
effective working area [25]. The device’s structural features and capabilities aligned well with the
application’s interaction requirements. It supports 3-DOF force feedback and 6-DOF positional
sensing [26].

Figure 1. “Touch Haptic Device”, developed by 3D Systems [27].

3.3. Experimental Design

Tactile paving surfaces play a crucial role in assisting individuals with visual impairments by
helping them orient themselves and detect potential hazards. However, significant variations in the
technical implementations across countries may lead to confusion for users. Literature review
identified diverse implementation approaches of tactile flooring at bus stops in various countries [6].
Tactile paving tiles are designed to provide orientation and safety information to visually impaired
individuals through touch, either via the feet or a cane. The primary pattern types include linear
grooves or ridges, which indicate the direction of movement and are typically installed along
pathways and corridors leading to key locations. Another common pattern consists of round domes,
which signal caution or stopping points. These are usually placed before turns or intersections to
prompt increased environmental awareness near platform edges or information points. Studies
evaluating the effectiveness of tactile paving at pedestrian crossings for visually impaired individuals
have shown that well-designed tactile guides positively impact safety and navigation [28]. In our
work, the 3D modeling of the guidance tiles followed standards set by Greek legislation, specifically
Government Gazette No. 2, dated December 7, 2022, Article 7 [29]. Tile patterns (Figure 2 and Table
1) were selected based on their prescribed textures, dimensions, and color specifications. In the virtual
interaction environment, regulations were adhered to concerning tile size, the distance from the
pedestrian free-walk zone and building line, and the width of the blind guidance path. At points
where the direction changes perpendicularly, three Type A tiles are placed perpendicular to the
pathway to serve as a warning. The table below presents the tile types designed and used in our
application. Type A is further categorized into Type Al and Type A2, depending on whether it is
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used for directional guidance (aligned with movement) or as a turning warning (perpendicular to

movement).
Table 1. Paving Tile Types.
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Figure 2. Paving tile patterns.

Designing interactive systems remains a complex endeavor, particularly due to the diversity of
users, which necessitates interfaces that are intuitive, accessible, and adaptable to varying levels of
user experience. In his study, Guerra A. [30] proposes a model that integrates technological
innovation with sustainable design principles, drawing on craft-based methodologies and strongly
emphasizing interdisciplinary collaboration.

This study investigates whether blind and blindfolded users can recognize tactile guidance tiles
accurately. Additionally, we assess users’ ability to navigate a predefined path, designed according
to Greek legislation on tactile guidance systems, using only their sense of touch. Specific haptic
parameters were assigned to each guidance tile to support tactile differentiation. The parameters used
to distinguish tile textures included stiffness, damping, static friction, and dynamic friction. Multiple
value combinations for each parameter were tested in a laboratory setting. These tests produced
varying force feedback responses and distinct texture perceptions among the users. Three optimized
combinations, referred to as Tile Presets, were selected based on the results, as presented in Table 2.
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These combinations were chosen to maximize perceptual discrimination during tactile interaction
and to reflect the natural material of the tile as closely as possible. Furthermore, the application allows
users to customize the collider size, as detailed in Table 3.

Table 2. Tile Presets.

Haptic Parameters Tile Preset 1 Tile Preset 2 Tile Preset 3
Tile Stiffness 1 1 1
Damping 1 1 1
Static Friction 0.25 0.5 0.75
Dynamic Friction 0.25 0.5 0.75

Table 3. Collider Presets.

Collider Preset Collider Preset 1 Collider Preset 2 Collider Preset 3
Size Small Medium Big

Moreover, our aim is to design virtual spaces with tactile interaction that meet the accessibility
standards required for blind users. This implies that the integration of both tactile and auditory
feedback in a harmonized manner, is essential for enhancing the user experience of individuals who
are blind. This aligns with the findings of Sara Alzalabny et al. [31], who combines tactile and
auditory feedback in user interface design. In a multimodal system, coordinating the integration of
interaction modes is vital to ensure no conflicts arise. This research investigates the key aspects of
multimodal interaction, including haptic interaction, offering insights into their practical application
in real-world environments [32].

To achieve a more realistic experience, we added audio messages to the application,
complementing the haptic and visual information. Audio feedback is crucial in enriching the user
experience in haptic applications. In our implementation, audio cues inform users of ongoing actions,
alert them to errors, and provide confirmation of successful interactions.

3.4. Experimental Conditions

The experiment consisted of four scenarios, one educational and three experimental. These were
conducted with participants who were either totally or partially blind, as well as with sighted
individuals, blindfolded. Flamine Alary [33] revealed that blind individuals can outperform sighted
individuals in specific haptic discrimination tasks. Other studies also indicate that blind individuals
possess superior tactile acuity, defined as the ability to perceive fine haptic differences, compared to
their sighted counterparts [34]. Despite differences in tactile ability between sighted and blind users,
haptic applications must be designed to ensure accessibility and comprehensibility for users of all
visual abilities. Before beginning the tasks, all participant groups attended a familiarization session
in which the experimental procedures and rules were clearly explained. During this session,
participants were allowed to familiarize themselves with the haptic device and its controls through
guided instructions and brief practice activities.

The study involved 19 participants in total, comprising 9 men and 10 women , most aged
between 36 and 45. Four 4 participants had partial blindness, 2 had total blindness, and 13 were
sighted individuals. The experiment took place in a quiet, controlled laboratory environment. Each
participant was seated at an individual workstation equipped with a Touch haptic feedback device
and a laptop running the interactive application (Figure 3).
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Figure 3. The Touch device and a computer monitor.

Before the start of the procedure, participants were fully briefed on the study’s objectives and
provided informed consent in accordance with ethical research guidelines. Participants then
completed an initial tutorial task designed to familiarize them with the virtual environment, the
haptic device, the various tactile tile textures and the audio messages. During interaction with the tile
patterns, users were given the opportunity to adjust the Tile Preset (Table 2) and Collider Preset
settings (Table 3), enabling them to select the combination that best facilitated haptic texture
perception. In this phase, users were invited to freely explore the tile surfaces and the surrounding
virtual environment, with audio messages offering guidance for scene navigation. Subsequently,
participants completed a five-step movement test in which they were asked to identify the five tile
types (Table 1). Each tile type appeared once per trial in a randomized sequence along the haptic five-
step path. The application recorded both the accuracy of tile recognition and the total duration of
user interaction. In the subsequent condition, participants navigated two urban scenarios, one with
low difficulty (Scenario_2) and one with moderate difficulty (Scenario_3) , featuring structured
layouts composed of the previously encountered tile types (Figure 4a, 4b). During navigation along
route of Scenario_2 (Figure 4a), participants had direct control over their movement using a
keyboard, proceeding along a predefined path. The design of the application did not allow for
deviations; any attempt to stray from the designated route triggered an error sound and was recorded
as a mistake. In contrast, in Scenario_3 (Figure 4b), route navigation was controlled by the application
designer (applicator), who followed the verbal instructions of the user as the latter interacted with
the Touch device. At this stage, the design allowed movement outside the tactile path, with the
application recording the percentage of relative motion versus total interaction time.

(a) (b)
Figure 4. Scenario_2 with a low degree of difficulty (a) and Scenario_3 with a higher degree of difficulty (b).

Several studies suggest that the primary challenges of wayfinding are rooted in cognitive
processes [35]. Orientation in navigation requires cognitive processes such as determining one’s


https://doi.org/10.20944/preprints202505.0353.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 7 May 2025

current position relative to a reference point, selecting a route toward a destination, maintaining that
route, and recognizing the endpoint upon arrival. Participants explored the virtual environment
using the haptic device, which provided vibrotactile feedback as they moved along or deviated from
the designated path. Distinct vibration patterns and audio cues aided participants in perceiving
movement direction, staying on course, and making corrections when necessary, thereby delivering
essential spatial information throughout the task. Accordingly, the haptic device functioned as an
input mechanism for navigation and an output device for delivering vibrotactile stimulation. The
application tracked the number of errors (i.e., deviations from the path), movement duration along
the path, and total interaction time (Figure 5a, 5b).

(@) (b)

Figure 5. Movement along the route of Scenario_2 (a) and movement along the route of Scenario_3 (b).

The design of the experimental procedure of Scenario_2 and 3 was based on a realistic urban
navigation scenario, as individuals with visual impairments might experience it. The platform was
developed to simulate a realistic training session, which had a maximum duration of 30 minutes, to
minimize potential discomfort caused by prolonged exposure to a virtual reality environment.
Specific specifications were established during the experimental phase to achieve this goal. In the
initial task, which involved pattern recognition, participants were given a time limit of 5 minutes, so
familiarization, after which their performance was recorded. The remaining time (up to 25 minutes)
was used to navigate the two routes of Scenario_2 and 3 with increasing difficulty (Figure 4a, 4b).
Successful completion of the first route was not a prerequisite for proceeding to the second. In any
case, if the participant experienced fatigue or discomfort, they were allowed to terminate the
interaction at any time.

Participant performance was evaluated based on total interaction time, tile recognition accuracy,
error count, and the duration spent navigating along the intended path. Finally, all participants,
regardless of whether they completed the experimental procedure, provided feedback on the
application by completing a post-experiment questionnaire (Appendix A).

4. Results

The study’s primary objective was to gain a deeper understanding of how blind users perceive
haptic technology through interaction with objects in three-dimensional virtual environments. The
following analysis presents the results of participants' interactions across the three experimental
scenarios and the questionnaire findings. The findings highlight the participants’ ability to
distinguish various texture patterns on pathway virtual tiles within a 3D environment, with the
ultimate goal of transferring this perceptual experience to urban navigation in the real world. User
performance and evaluation scores were analyzed independently. According to the experimental
design, participants interacted with the virtual haptic tiles in three different scenarios (Scenario_1,
Scenario_2, Scenario_3). A mathematical model was developed for each scenario to calculate
navigation ability, based on the experimental data. The goal of the mathematic formula is to reflect
the user’s ability to correctly identify textures, navigate accurately and quickly, and maintain
precision in their path without making errors.
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Upon completion of the experiment, participants answered a series of 20 questions, 12 based on
the USE usability questionnaire and 8 based on the UEQ experience questionnaire. The USE
(Usefulness, Satisfaction, and Ease of Use) consists of four thematic sections (Usefulness, Ease of Use,
Ease of Learning, and Satisfaction), each comprising three questions. It measures usefulness, ease of
use, learning curve, and satisfaction, focusing on the functional aspects of the system. The UEQ (User
Experience Questionnaire), consisting of 8 questions, examines more emotional dimensions, such as
attractiveness, innovation, and the overall user experience with the system. Combining the two
questionaires helped us gain a complete picture of the practicality and the emotional interaction of
the users.

4.1. Analysis of the Experimental Procedure Results

During the first scenario, the participants were asked to recognize each of the five tile patterns
of Figure 2. We calculate the overall Ability Score (AS1) for each participant, based on the recognition
rate (A) and the interaction time (T1). Using the mathematical equation (1), we defined a performance
function that rewards high recognition accuracy (A) and penalizes long interaction times (T1).

Ability Score (AS1) = A * (T1min/T1) (1)

A: the normalized recognition rate, with values ranging between [0,1]

T1: the total interaction time in Scenario_1

T1min: the shortest interaction time among all participants

b: the weighting factor (we setb=1)

A participant exhibiting a high recognition rate but a slow interaction speed will demonstrate
low overall proficiency. Conversely, a participant with a moderate recognition rate who interacts
rapidly will also not achieve a high Ability Score. The highest Ability Score is attained when a high
recognition rate is combined with rapid interaction.

In the second (Scenario_2) the participants were asked to virtually navigate along a predefined
path in Unity that is composed of various virtual tactile tiles (Figure 4a). For the Scenario_2, we
calculate the overall Ability Score 2 (AS2) for each participant based on two criteria: whether the
navigation task was completed (C2) and the interaction time (T2). Errors in navigations, such as
Collisions and wrong deviations from the tactile path, lead to longer completion times, which in turn
directly affect the navigation ability score (AS2).

The Ability Score 2 is based on mathematical equation (2). The performance function AS2
penalizes errors and delays, assigns zero performance in case of incomplete execution, and rewards
fast, accurate, and complete task completion. This specific metric was designed by Yokoyama et al.
[36] to evaluate navigation performance by considering both the success and the speed of completion.

Ability Score 2 (AS2) = C2 * (T2min/T2)  (2)

C2: Task completion status, with values 1 for completion and 0 for non-completion

T2: Total interaction time in Scenario_2

T2min: Fastest interaction time among participants who completed the task

Similarly, for Scenario_3, we calculate the overall Ability Score (AS3) for each participant when
they were navigated through virtual path of Scenario_3 in Figure 4b.

Ability Score 3 (AS3) = C3 * (T3min/T3)  (3)

C3: Task completion status, with values 1 for completion and 0 for non-completion

T3: Total interaction time in Scenario_3

T3min: Fastest interaction time among participants who completed the task

If participants fail to complete a task, their ability score is set to zero. For completed tasks, the
ability index is determined by the completion time.

We calculate the average navigation ability ASmean in equation (4) and the overall performance
AStotal in equation (5) for each participant.

ASmean = (AS1 + AS2 + AS3)/3  (4)
AStotal = AS1 + AS2 + AS3 )
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In Table 4, the average, standard deviation, the min and max values of AS1, AS2 and AS3 for all
category users are presented.

Table 4. Experimental data for the three scenarios.

Scenario Average Standard‘ Deviation Minimum - Max-imum
All/ Blind / Not Blind All/ Bll-l‘ld /Not All/Blind/Not Blind All/ Bll-l‘ld / Not
Blind Blind
AS1 0.32/0.25/0.34 0.18/0.03/0.20 0.08/0.20/0.08 0.65/0.29/0.65
AS2 047/0.52/0.44 0.26/0.14/0.30 0/029/0 1/070/1
AS3 0.63/0.68/0.30 0.22/0.31/0.16 0/ 0 /0 1/ 1 /0.56

4.1.1. Scenarios Comparison

We categorize the scenarios into two groups. The first group is consisted of Scenario_1, which
assesses tile recognition ability. The second group consists Scenario_2 and Scenario_3, which focus
on evaluating navigation ability. During the analysis of the results, minimum fulfillment time were
used for each user per scenario (66, 193, and 188 seconds, respectively), meaning that these times
served as the basis for normalization, for the calculation of AS1, AS2, and AS3.

In Scenario_1, alower mean performance is observed compared to Scenarios_2 and 3, indicating
that tile recognition may be more demanding or may require a different set of skills than navigation.
This finding can be explained by the fact that recognition tasks demand greater precision and clarity
in responses, whereas in navigation tasks, users were able to make faster decisions by relying on pre-
existing tile sequence rules, thus requiring less interaction time. Moreover, Scenario_1 exhibits lower
performance variability (standard deviation = 0.18), suggesting greater homogeneity among users. In
contrast, Scenario_2 presents the highest variability (standard deviation = 0.26), indicating a wider
range of navigation abilities. This variation is attributed to the adoption of diverse navigation
strategies by users: individuals with visual impairments employed techniques they already use in
real-world environments, while sighted users, encountering these tactile patterns for the first time,
developed new interaction strategies.

The average Ability Score in Scenario_2 (AS2) is higher than Scenario_3. This indicates that users
had improved performance in navigation in Scenario_2 than Scenario_3. This outcome can be
attributed to the reduced complexity of Scenario_2, as the environment in Scenario_2 is consisted
solely of turns, without the presence of intersections or other complex navigation elements. However,
it was observed that several users encountered difficulties distinguishing between turn warning tiles
(Type A2) and hazard warning tiles (Type D). Additionally, the larger standard deviation observed
in Scenario_2 suggests greater variability in user performance, which may be associated with
different levels of familiarity with the navigation system. This variability was also influenced by the
amount of time each user dedicated to familiarizing themselves with the device and the overall
application environment. Navigation times varied significantly, with some users exhibiting either
considerably higher or notably lower times compared to the average, potentially indicating
difficulties or errors during navigation.

4.1.2. User Performance Analysis

Before proceeding to the individual analysis of user performance, we aim to establish a
categorization of navigation ability levels according to the following methodology:

* High ability: User_AS_mean > 0.75

* Moderate ability: 0.50 < User_AS_mean < 0.75

* Low ability: User_AS_mean < 0.50

Overall, no user managed to exceed the 0.75 threshold, which we defined for "High Ability."
Five users demonstrated moderate ability, while the majority of users (74%) exhibited low navigation
and recognition ability. Only one user achieved a performance of ASmean =0.72, almost reaching the
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"High Ability" threshold (>0.75). The low values of ASmean indicates potential difficulties in using
the system or making incorrect decisions during the execution of the scenarios.

Furthermore, it is observed that the choices of "Tiles Preset" and "Collider Preset" of Table 2 and
Table 3 influence the navigation ability score AS. Specifically, "Tiles Preset 1" and "Collider Preset 1"
are associated with higher navigation ability, while users who worked with "Tiles Preset 2" and
"Collider Preset 2" demonstrated lower performance.

The performance of blind and sighted users across the three distinct scenarios (AS1, AS2, AS3),
reveal substantial differences both in mean performance and in performance variability between the
two groups of users. In Scenario_1, blind users exhibited a lower mean score of AS1(0.25) compared
to sighted users (0.34), accompanied by an exceptionally low standard deviation (0.03), indicating
systematic barriers but also a high degree of internal consistency within the group. This happened
because sighted users could see the shape and layout of the tiles before the experiment began. In
contrast, blind users could only touch them through the "Touch" device, without having a visual
image. Sighted users had an advantage, as they were able to visually perceive the tiles during the
training interaction. In contrast, in Scenario_3 (AS3), blind users outperformed sighted users (mean
score of AS3 for blind users 0.68 vs 0.30 for blindfolded users). Scenario_2 (AS2) demonstrated
intermediate results (mean score of AS2 = (.52 for blind users versus 0.44 for sighted users). Overall,
the results highlight the importance of designing user interfaces to be accessible for individuals with
different abilities, both cognitive and sensory. This emphasizes the need for scenarios to be adapted
to the needs of each user group.

4.2. Analysis of the Results of the Evaluation Questionnaire

All participants, comprising 10 women and 9 men, responded to the evaluation form provided
at the conclusion of the experiment. The majority of participants (52.6%) were aged between 36 and
45 years, and a significant proportion (56.2%) were employed in the public sector. For the analysis of
the responses, a total of 19 participants were considered. A Likert-type questionnaire, with a scale
ranging from 1 to 5, was used for the 12 usability questions (USE) (Appendix A1), while a 7-point
Likert-type scale was employed for the 8 user experience-related questions (UEQ) (Appendix A2).
This method allowed for a comprehensive assessment of both the usability and user experience of
the system.

In order to normalize and facilitate the comparison of the results, we calculated the average score
percentage (RATE) for each question as shown in equation (6) and (7). This approach allowed for a
standardized representation of the participants' evaluations, making it easier to interpret and
compare the responses across different questions and Linkert scales.

RATE = (SUM * 100)/MAXSUM (6)
MAXSUM = 19(participants) * 5(maximum scale score) or 7(maximum scale score) (7)

The usability evaluation yielded overall very positive results, with all percentages exceeding
85%. The system's utility was rated at 88.8%, confirming that it effectively meets users' needs. Ease of
use received a score of 85.6%, while ease of learning reached 86%, indicating that the system is largely
user-friendly and does not require significant effort for comprehension. The highest score was
observed in user satisfaction (90.5%), suggesting that the overall user experience was exceptionally
positive. Despite the excellent results, small improvements in ease of use could further enhance the
system's overall efficiency and user experience (Table 5).

Table 5. Usability Evaluation.

Usability Evaluation Percentage
Usefulness 88.8%
Ease of Use 85.6%

Ease of Learning 86%

Satisfaction 90.5%
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The analysis of the User Experience of the UEQ questionnaire in Table 6 revealed an overall
highly positive evaluation by the participants. The individual dimensions of the experience, such as
supportiveness (88.7%), ease of use (84.2%), efficiency (85.7%), and clarity (83.5%), demonstrated high
levels of acceptance, indicating that the system is highly functional and user-friendly. Particularly
positive evaluations were recorded in the dimensions of innovation and engagement, with the
characteristics "Interesting" (94%), "Inventive" (91.7%), and "Leading edge" (92.5%) receiving the
highest percentages, suggesting that our application was regarded as both pioneering and attractive.
Despite the generally high satisfaction levels, it is notable that clarity received the lowest (yet still
highly positive) score, potentially indicating an area for further improvement. Overall, the findings
highlight an extremely positive assessment of the experience by users, with particular emphasis on
innovation, engagement, and support.

Table 6. UEQ — User Experience Questionnaire.

Questions Percentage
Supportive 88.7%
Easy 84.2%
Efficient 85.7%
Clear 83.5%
Exciting 86.5%
Interesting 94%,
Inventive 91.7%
Leading edge 92.5%

4. Discussion

This study highlighted the potential of virtual reality (VR) and haptic feedback as training tools
for individuals with visual impairments. The quantitative results of Ability scores AS and qualitative
results of questionnaires revealed the strengths and limitations of the proposed platform. Based on
the questionnaire results, the application received high scores in usability (USE) and user experience
(UEQ), with particularly positive responses regarding its innovation and functionality. Nevertheless,
during interaction, users pointed out several areas for further improvement. Most participants found
it useful to have more time to familiarize themselves with the device, the virtual environment and
understand the navigation rules. Difficulties were observed in distinguishing the different haptic tile
types (particularly B and C, A2 and D), indicating a need for stronger texture differences or the
addition of extra vibration patterns. Suggestions for incorporating auditory stimuli (e.g., natural
ambient sounds) and abrupt vibrations upon encountering obstacles would enhance realism and
safety. The Touch device caused fatigue after prolonged use due to the requirement of holding it in
the air, a common observation among several users. A blind participant suggested alternatives, such
as direct interaction with the palm, which could improve comfort. Additionally, blind users reported
that, in reality, they prefer tactile paths primarily due to the absence of obstacles rather than the
textures themselves, pointing to a need for design reassessment to better align with real-world needs.
Future studies should focus on investigating the long-term impact of the platform on actual mobility.

5. Conclusions

Research on tactile paving patterns in virtual reality remains in its nascent stages. Nevertheless,
future findings and conclusions derived from such investigations are expected to contribute
meaningfully to sustainable development and the enhancement of everyday life , particularly for
individuals who are blind or experience significant visual impairments. The present study examined
the ability to recognize and distinguish between various tactile paving patterns. A series of
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experiments involving interactions with virtual three-dimensional models revealed key perceptual
characteristics among users. Participants engaged with five distinct paving designs, simulating
navigational scenarios within urban environments. The perceptual evaluations indicated that
substantial potential exists for improving the design and tactile properties of the virtual haptic tiles,
intending to maximize both functionality and user safety.
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Appendix A
Appendix A.1. USE Questionnairen

USE sections Likert scale (1-5)

1 (Strongly Disagree)

Question

It helps me be more effective? 5 (Strongly Agree)

It is useful? 1 (Strongly Disagree) 5 (Strongly Agree)

Usefulness
It gives me more control over the .
. ) 1 (Strongly Disagree) 5 (Strongly Agree)
activities in my life?
It is easy to use? 1 (Strongly Disagree) 5 (Strongly Agree)
It is user friendly? 1 (Strongly Disagree) 5 (Strongly Agree)
Ease of Use

I can recover from mistakes quickly and

1 (Strongly Disagree)

5 (Strongly Agree)

easily?
I'learned to use it quickly? 1 (Strongly Disagree) 5 (Strongly Agree)
Ease of Learning I easily remember how to use it? 1 (Strongly Disagree) 5 (Strongly Agree)

It is easy to learn to use it?

1 (Strongly Disagree)

5 (Strongly Agree)

I feel I need to have it?

1 (Strongly Disagree)

5 (Strongly Agree)

Satisfaction I would recommend it to a friend? 1 (Strongly Disagree) 5 (Strongly Agree)
It is fun to use? 1 (Strongly Disagree) 5 (Strongly Agree)
Appendix A.2. UEQ Questionnaire (Short Version)
UEQ Option A Likert scale (1 to 7) UEQ Option B
Obstructive °ol ©2 o3 o4 o5 o6 o7 Supportive
Complicated el 02 3 o4 o5 o6 o7 Easy
Inefficient ol 22 3 o4 o5 o6 °7 Efficient
Clear el 02 o3 o4 o5 o6 °7 Confusing
Boring ol 02 3 o4 o5 o6 °7 Exciting
Not interesting °l ©2 o3 o4 o5 o6 o7 Interesting
Conventional °l ©2 o3 o4 o5 o6 o7 Inventive
Usual °]l 02 03 o4 o5 o6 o7 Leading edge
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