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Abstract

Tactile maps play a critical role in supporting spatial learning and independent mobility for
people with visual impairments, particularly in complex environments such as university
campuses. This study evaluates the effects of two tactile map production methods, 3D
printing and heat-sensitive embossed paper, through a user-centered mixed-methods
experimental design. The research was conducted on the North Campus of Boğaziçi
University and involved 15 university students with visual impairments. The experimental
process consisted of two stages: (1) controlled tactile map perception and evaluation,
and (2) real-world wayfinding and on-site navigation experience. Quantitative data were
collected through structured questionnaires and analyzed using descriptive statistics, while
qualitative data were obtained through observations, open-ended feedback, and thematic
analysis. The findings suggest that tactile map production methods may influence tactile
perception, mental map formation, and user confidence. Participants generally reported
that 3D-printed maps provided clearer tactile spatial organization and supported mental
mapping in complex environments, whereas embossed paper maps offered advantages in
portability and rapid accessibility.

Keywords: accessible cartography; spatial orientation; inclusive navigation; cognitive
mapping; assistive technologies; campus accessibility

1. Introduction
Navigating complex environments such as university campuses, transportation hubs,

and dense urban areas remains a major challenge for people with visual impairments [1].
Achieving safe and independent mobility in these environments depends not only on
physical accessibility, but also on access to spatial information that can be effectively
perceived, interpreted, and remembered without relying on visual input [2].

When tactile maps are overly detailed or when tactile symbols, textures, and spatial
elements are not sufficiently distinguishable from one another, they can become confus-
ing and may even hinder navigation rather than support it [3]. Previous research has
shown that tactile map design strongly influences spatial cognition for users with visual
impairments; however, the experiential consequences of different production methods
remain underexplored.
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Aim and Contributions of the Study

This study aims to examine how different tactile map production methods may shape
user experience, spatial cognition, and wayfinding confidence among people with visual
impairments. To achieve this objective, the study employed a user-centred mixed-methods
research design that integrated quantitative and qualitative data collection and analysis.
Quantitative data were obtained through structured questionnaires administered after
tactile map exploration and wayfinding tasks, while qualitative data were collected through
participant observations and open-ended feedback.

The research specifically focuses on two widely accessible yet structurally different
production techniques: 3D-printed tactile maps and heat-sensitive embossed paper maps.
These two methods were selected because they represent contrasting approaches in tactile
cartography in terms of tactile depth, production flexibility, portability, cost, and material
interaction. While 3D printing enables volumetric representation and stronger tactile differ-
entiation, which may support spatial understanding in complex environments, embossed
paper maps provide advantages in rapid production, accessibility, and ease of transport.
By comparing these two production methods within a real campus wayfinding context, the
study adopts a user-centered mixed-methods experimental design to explore how material
and production characteristics are associated with tactile perception, mental map formation,
and navigation experience.

This study demonstrates that tactile map production methods influence not only
tactile perception but also the wayfinding process itself. By empirically comparing 3D-
printed and embossed paper tactile maps in a real campus setting, it shows how production
choices affect mental map formation, navigation confidence, and independent mobility.
The study moves beyond purely technical comparisons by adopting a process-oriented and
user-centered evaluation approach. By providing empirical evidence from the context of
Türkiye, it contributes design-relevant insights to the development of accessibility-oriented
cartography and tactile map design.

2. Literature Review
2.1. Tactile Maps and Spatial Cognition

Tactile maps are widely recognized as effective tools for supporting spatial cognition
and independent mobility among individuals with visual impairments. When tactile maps
lack clear differentiation or contain excessive detail, they may hinder spatial cognition
rather than support navigation [4]. For people who cannot rely fully on visual input,
tactile maps provide structured spatial representations that facilitate the development of
cognitive maps and spatial understanding [5]. Foundational studies in tactile graphics and
tactile perception similarly emphasize that successful tactile communication depends on
perceptual clarity, symbol hierarchy, and the cognitive interpretation of tactile information
rather than on physical representation alone [6]. These perspectives reinforce the idea that
tactile map usability emerges through the interaction between tactile design, perceptual
processing, and user experience.

Tactile maps are essential tools that support spatial cognition and independent mo-
bility among individuals with visual impairments by enabling them to construct mental
representations of their surrounding environment. Unlike visual maps, tactile maps are
perceived sequentially through touch, requiring users to actively explore spatial elements
such as lines, textures, and relief structures. This sequential perception increases cognitive
load and necessitates simplified and well-generalized map designs to ensure effective
interpretation [7].

Zacharogiorga and Sourdi [8] demonstrated that 3D thematic tactile maps can facilitate
spatial understanding, improve tactile interaction, and support cognitive engagement
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during map exploration processes. Their findings suggest that volumetric differentiation
and tactile depth contribute positively to users’ ability to interpret spatial relationships
and mentally organize environmental information. This perspective reinforces the idea
that tactile maps should not be considered merely as physical accessibility tools, but also
as cognitive instruments that actively support the formation of mental maps and spatial
learning among students with visual impairments.

Unlike visual maps, tactile maps are perceived sequentially through touch [2]. Sighted
users can perceive a map holistically at a glance, whereas tactile map users must explore the
surface fragment and integrate information mentally [9]. Foundational research in tactile
perception and tactile graphics emphasizes that excessive tactile complexity, poorly differen-
tiated symbols, and overcrowded layouts may negatively affect perceptual discrimination
and cognitive processing during tactile exploration [9].

Research in spatial cognition also highlights the importance of information hierarchy
in tactile maps. Clear differentiation between primary spatial elements such as paths,
buildings, landmarks, and circulation networks supports users’ ability to construct coherent
mental maps and identify navigational priorities [10]. This principle is also strongly
emphasized in traditional cartography, where visual hierarchy, symbol differentiation,
and generalization are considered essential for improving map readability and supporting
efficient spatial interpretation [11]. In tactile cartography, hierarchical organization becomes
even more critical because spatial information is explored sequentially through touch rather
than perceived simultaneously at a glance. When tactile maps fail to effectively convey
hierarchical structure, users may struggle to interpret spatial relationships, leading to
confusion, increased cognitive load, and reduced navigation confidence.

Another key factor influencing tactile spatial cognition is prior experience. Users
with greater familiarity with tactile maps or stronger spatial learning strategies tend to
extract information more efficiently and develop more robust mental representations [12].
Conversely, individuals with limited exposure to tactile maps may require additional time,
guidance, or training to fully benefit from tactile spatial information [13].

A limited number of studies conducted specifically on university campuses reveal that
tactile maps are a critical preparatory tool, especially for students with visual impairments
starting on campus. Aydın and Kara [14], in their study conducted on a state university
campus, stated that tactile maps are effective for understanding building relationships and
main pedestrian axes, but the fact that the maps are not portable limits their continuity of
use. Participants stated that they primarily used maps for mental preparation before going
to campus.

Another noteworthy point in the Turkish literature is the lack of support for the use of
tactile maps through a systematic educational process. Yıldız and Arslan [15] revealed that
a large proportion of individuals with visual impairments are introduced to tactile maps
at the primary school level, but this skill is not developed in later years. The study noted
that participants had difficulty interpreting concepts such as scale, direction, and legend,
and suggested integrating tactile map literacy into educational programmes. This situation
demonstrates that tactile maps should be considered not only as physical products but also
as tools whose effectiveness increases through learning and experience.

Studies conducted in Turkiye reveal challenges related to Braille labelling, symbol
standardization, tactile distinguishability, and limited user-centered evaluation in tactile
map design. Similar issues have also been reported internationally, suggesting that many
of the challenges associated with tactile cartography are not context-specific but globally
shared. For example, research conducted in Europe and North America similarly empha-
sizes that tactile maps are often designed according to technical or institutional standards
rather than through direct user participation, which may reduce usability and increase
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cognitive difficulty during navigation [3]. Likewise, Zacharogiorga-Sourdi et al. [8] re-
ported that students with visual impairments in Greece experienced difficulties related
to tactile readability, spatial interpretation, and symbol differentiation, particularly when
tactile hierarchy and relief variation were insufficient. These international findings align
with observations from Türkiye and suggest that the effectiveness of tactile maps depends
not only on accessibility provision itself, but also on how spatial information is cogni-
tively perceived and experientially interpreted by users across different environmental and
cultural contexts.

2.2. Cartographic Design and Tactile Map Production Methods

From a cartographic perspective, tactile map effectiveness is closely linked to design de-
cisions such as scale, generalization, symbolization, and production method [16]. 3D print-
ing allows for volumetric representation, height variation, and big tactile difference, which
support spatial differentiation and mental map formation in complex environments [17].
In contrast, embossed paper maps offer advantages in terms of rapid production, low cost,
and portability, but their limited tactile depth can reduce the perceptibility of spatial struc-
ture [18]. Zacharogiorga-Sourdi et al. [8] emphasized that 3D tactile maps provide stronger
tactile differentiation and enhanced user interaction compared to more conventional tactile
representations, particularly in educational and thematic mapping contexts. Their research
demonstrated that tactile depth, relief variation, and spatial hierarchy improve users’ ability
to distinguish map elements and comprehend complex spatial structures. Existing studies
primarily compare these methods based on technical feasibility or material characteristics,
while their experiential and cognitive implications remain underexplored. This indicates
that the discussion around tactile map production has largely remained technology-driven
rather than user-driven. However, from a user perspective, the value of a production
method lies not only in what it can technically represent, but in how effectively it supports
perception, understanding, and navigation in practice. Therefore, evaluating these methods
through real user experiences is essential to reveal their true impact on spatial cognition
and wayfinding performance.

Various tactile map production techniques have been developed to support spatial
accessibility for people with visual impairments, including embossed paper printing,
thermoforming, swell paper, laser engraving, CNC milling, and 3D printing. These methods
differ considerably in terms of tactile depth, material flexibility, production cost, portability,
and the level of spatial detail they can represent. Among these techniques, relatively few
allow substantial freedom in height differentiation and volumetric representation, both of
which are important for improving tactile distinguishability and spatial legibility during
map exploration. In this context, 3D printing has gained increasing attention in tactile
cartography because it enables layered relief structures, customizable tactile hierarchies,
and stronger spatial differentiation compared to many conventional production methods.
These characteristics may support clearer tactile perception and more effective mental map
formation, particularly in complex spatial environments [17].

2.3. User-Centered and Process-Oriented Wayfinding

Recent approaches in cartography and spatial cognition argue that tactile maps should
not be evaluated solely as static representations but as components of a broader wayfind-
ing process. Wayfinding involves stages such as pre-navigation learning, environmental
interaction, and adaptation through experience [19]. Within this framework, tactile maps
function as cognitive support tools that assist users in preparing for navigation, reducing
uncertainty, and increasing confidence before and during movement. User-centered studies
further demonstrate that tactile map usability varies depending on individual experience,
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map literacy, and contextual needs [3]. From this perspective, tactile maps can be under-
stood not as passive representations, but as active elements within an evolving learning
and navigation process. Their effectiveness is therefore shaped not only by design features
but also by how users engage with them over time, build familiarity, and adapt them to
their own strategies.

Participatory design extends this perspective by actively engaging users with visual
impairments as co-creators throughout multiple stages of map development [20]. Studies
employing participatory methods such as iterative prototyping, workshops, and user
testing show that direct feedback from users helps identify design flaws that may not be
apparent through expert evaluation alone [21].

For example, users frequently report difficulties related to symbol ambiguity, over-
crowded layouts, insufficient differentiation between tactile elements, and confusing leg-
ends that designers may initially overlook. Incorporating such feedback early in the design
process can significantly reduce cognitive load and improve spatial comprehension and
navigation efficiency. In tactile cartography, participatory and user-centered design ap-
proaches are therefore increasingly recognized as essential components of effective map
development. Previous studies have demonstrated that involving students with visual
impairments directly in prototype evaluation, iterative refinement, and usability testing
improves tactile map legibility, contextual interpretation, and overall accessibility [16].
These studies further emphasize that tactile maps should not be designed solely accord-
ing to technical cartographic assumptions, but through continuous interaction with end
users whose perceptual experiences and navigation practices provide critical insight into
tactile usability.

User-centered studies also highlight the importance of learning and familiarity in
the use of tactile maps. Tactile maps are not always immediately intuitive, particularly
for users with limited prior exposure. Training and guided exploration can substantially
improve users’ ability to extract spatial information and form reliable mental maps [14].
From this perspective, tactile maps function not merely as representational tools but as
learning instruments whose effectiveness develops over time.

Recent cartographic research has increasingly emphasized the importance of user
experience, interaction, and usability within map design processes. In particular, the
work of Robert Roth highlights that maps should not be evaluated solely according to
technical accuracy or visual representation, but also according to how users cognitively
interact with spatial information and how effectively maps support decision-making,
orientation, and navigation processes [22]. From this perspective, cartographic usability
involves experiential dimensions such as learnability, interpretability, efficiency, and user
confidence. These approaches are particularly relevant for tactile cartography, where spatial
information is explored sequentially through touch and where user interaction strongly
shapes cognitive mapping and wayfinding performance. Incorporating user experience
perspectives into tactile map evaluation, therefore, supports a more inclusive and process-
oriented understanding of cartographic design.

2.4. From Static Artifacts to Process-Oriented Wayfinding Tools

For a long time, tactile maps have been considered static objects that present spatial
information in a fixed form, independent of the user. In this approach, the function of
the map was limited to providing a planimetric representation of the environment; how
the map is learned, remembered, and translated into actual wayfinding behaviour was
often seen as a secondary issue. However, the current literature on wayfinding and spatial
cognition reveals that navigation is not a one-time act of acquiring information, but a
process that develops over time [19].
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The process-oriented navigation approach considers wayfinding as a whole, encom-
passing stages such as pre-navigation, interaction with the environment, learning, making
mistakes, and adaptation. According to this perspective, tactile maps are not merely tools
“used on the road”; they are cognitive support tools that help users mentally construct the
space beforehand, visualize possible routes, and cope with uncertainty [23]. For individuals
with visual impairments in particular, this pre-navigation process is one of the fundamental
components of independent movement.

Practice-based studies conducted in Türkiye demonstrate that tactile maps, when
combined with structured map-reading training and user feedback mechanisms, signifi-
cantly contribute to mental map formation and independent mobility among individuals
with visual impairments, particularly in complex environments such as university cam-
puses [24]. Findings support the process-oriented approach adopted in the present study,
which evaluates tactile maps not only as static artifacts but as experiential tools embedded
within learning and wayfinding practices [9]. Taken together, these findings suggest that
the effectiveness of tactile maps emerges through use, experience, and learning rather than
from design alone. In real-life contexts, users do not simply “read” maps; they gradually
build familiarity, test strategies, and adapt their understanding over time.

2.5. Research Gap and Positioning of the Present Study

Although the literature clearly highlights the role of tactile maps in supporting spatial
cognition and mobility, it often approaches the topic in a fragmented manner by separat-
ing design, production methods, and user experience. Many studies focus primarily on
technical aspects such as material properties or production efficiency, while giving limited
attention to how these features are actually perceived and interpreted by users in real
navigation contexts. This creates a gap between technological capability and practical
usability, suggesting that current research does not fully capture the experiential dimension
of tactile map use.

Furthermore, tactile maps are frequently treated as static artifacts rather than as
dynamic tools embedded within an ongoing wayfinding process. While user-centered
approaches are acknowledged, they are often not deeply integrated into the design and
evaluation stages, leaving important factors such as cognitive load, learning, and adaptation
underexplored. In this respect, there is a need for a more holistic and process-oriented
perspective that connects production methods with user experience and spatial cognition.
The present study responds to this need by examining tactile maps as experiential tools
shaped by real-world interaction and navigation practices. However, three key gaps remain:

1. Limited empirical evidence on how tactile map production methods shape user per-
ception and experience.

2. Insufficient integration of production technologies into user-centered and participatory
design discussions.

3. A lack of process-oriented evaluations linking tactile map use to mental map formation
and independent mobility in real environments.

3. Materials and Methods
3.1. Research Design

The research design of this study is structured as a user-centered, mixed-methods ex-
perimental framework aimed at examining how different tactile map production methods
influence spatial perception, mental map formation, and wayfinding confidence among
users with visual impairments. Conducted within the real spatial context of Boğaziçi
University North Campus, the study employed a two-stage experimental design. In the
first task, participants with visual impairments evaluated two tactile map types in terms of
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orientation, campus comprehension, and overall legibility before selecting the map they
considered most suitable for navigation. In the second task, participants used their pre-
ferred map to complete wayfinding and field-based navigation tasks involving a designated
target location. This stage also included three survey questions examining participants’
navigation experiences in Table S1. Participants who were proficient in Braille and had
prior experience using tactile maps successfully reached the target location on their first
attempt, whereas those without previous map-reading experience required multiple trials
to complete the navigation task. Quantitative data were collected through structured ques-
tionnaires and analyzed descriptively, while qualitative data were obtained through field
observations and open-ended participant feedback, enabling a comprehensive interpreta-
tion of user performance, navigation experience, and perceptions of independent mobility.

3.2. Study Area

In this study, the Boğaziçi University North Campus was selected as the study area
to examine the effects of tactile map production methods on user experience within a
real-world navigation environment frequently encountered by individuals with visual
impairments in educational and public institutional settings. University campuses represent
complex semi-public environments that require regular orientation and mobility skills due
to their combination of interconnected pedestrian pathways, building entrances, open
gathering areas, stair systems, and circulation networks. Such environments are commonly
navigated by students with visual impairments, staff members, and visitors in daily life,
particularly within higher education contexts where independent mobility is essential for
academic and social participation. The selected campus, therefore, provided a suitable
and realistic spatial setting for evaluating tactile map usability, spatial cognition, and
wayfinding experiences under conditions that reflect everyday navigation challenges rather
than artificially simplified laboratory environments.

3.3. Cartographic Design and Layout Process of Tactile Maps

In this study, tactile maps were produced to meet the spatial orientation needs of
individuals with visual impairments, using both three-dimensional 3D-printing technology
and heat-sensitive embossed paper methods. The tactile maps cover a specific area of
Boğaziçi University’s North Campus.

As seen in Figure 1, during the map layout phase, cartographic generalization, scaling,
and tagging processes were systematically applied to enhance tactile perception. The
cartographic generalization process applied in this study was not arbitrary but was guided
by established principles from both traditional and tactile cartography, as well as practical
considerations related to tactile perception and map readability. The primary objective of
the generalization process was to reduce excessive spatial complexity while preserving the
most cognitively and navigationally relevant environmental features for tactile interpre-
tation. In this context, the design process followed principles of selection, simplification,
symbol hierarchy, exaggeration, and spatial displacement commonly used in cartographic
generalization [11], while also considering tactile-specific perceptual limitations described
in the tactile cartography literature [6].

As seen in Figure 2, scale selection was determined to ensure sufficient spacing
between tactile elements, preventing tactile interference during exploration. The tactile map
employs a Braille-based coding system in which each building and major spatial feature
is assigned a unique numeric identifier corresponding to entries in the accompanying
Braille legend. The coloured background panels were used solely for visual organization
during prototype preparation and do not convey any navigational information. Braille
labels and legend entries were produced as embossed tactile inscriptions and integrated
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into the map layout. Although a north arrow was included for reference, tactile orientation
relies primarily on the fixed arrangement of map elements, and future designs may benefit
from the incorporation of dedicated tactile orientation markers to facilitate more intuitive
map alignment.

 

Figure 1. Boğaziçi University’s North Campus [25].

 

Figure 2. Generalized map (3D-printed tactile map).

The Embossed Paper Tactile Map was created using swell paper, whereby a 2D printed
graphic undergoes thermal expansion to form a 3D tactile relief. As the resulting elevation
height is relatively low compared to other embossing methods, the map’s information
density was kept minimal on purpose to ensure that the tactile features remain distinct and
readable (Figure 3).

Throughout the layout process, the technical constraints of the two production meth-
ods, 3D printing and heat-sensitive embossed paper, were explicitly considered. Design ad-
justments, including line thickness, relief height, and texture differentiation, were adapted
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to the material capabilities of each method to maximize legibility and comprehensibility.
This layout phase was therefore a critical step directly influencing the usability, functionality,
and overall user experience of the tactile map.

 

Figure 3. Generalized map (embossed paper tactile map).

3.4. Participants

The sample size for this study (n = 15) was determined based on the exploratory
and user-centered nature of the research, as well as practical considerations related to
accessibility, participant availability, and ethical constraints. Rather than aiming for statis-
tical generalization, the study prioritizes an in-depth understanding of user experience,
perception, and wayfinding behaviour among individuals with visual impairments. In
qualitative and mixed-methods research, smaller, purposefully selected samples are widely
accepted as appropriate when the objective is to capture rich, contextual insights and
experiential patterns.

The use of a two-stage experimental design, in which the same participants engage in
both experimental stages, enhances the internal consistency of the findings by allowing
direct comparison across conditions. The approach reduces inter-participant variability and
strengthens the interpretability of observed differences between tactile map production
methods. Therefore, the selected sample size is considered sufficient to reveal meaning-
ful experiential trends, while acknowledging that the findings are not intended to be
statistically generalizable but analytically transferable to similar contexts.

Participants consisted of 15 university students with visual impairments, including
both legally blind and low-vision individuals. Purposeful sampling was employed to
ensure that participants had regular interaction with the campus environment and potential
need for wayfinding support.

Participant diversity in terms of Braille literacy, prior tactile map experience, and
navigation strategies was considered an asset rather than a limitation, reflecting real-
world user heterogeneity Table 1. All participants voluntarily consented to participate
in the study prior to data collection, and ethical considerations regarding participant
safety, accessibility, confidentiality, and informed participation were strictly observed
throughout the research process. The study procedures were conducted in accordance
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with internationally recognized ethical principles for human-subject research, including
the World Medical Association’s Declaration of Helsinki [26]. Particular attention was
given to ensuring accessible communication, voluntary participation, the right to withdraw
from the study at any stage, and the provision of a safe and supportive experimental
environment for people with visual impairments during both tactile map evaluation and
campus navigation activities.

Table 1. Characteristics of selected participants (coded).

Code Visual Status Braille
Literacy

Prior Tactile
Map Experience

Campus
Familiarity Dominant Navigation Strategy

A Legally blind Yes High Medium Mental mapping + cane
B Legally blind Yes Medium Medium Route memorization
C Legally blind No Low Low Verbal guidance

D Low
vision Yes High High Landmark-based navigation

E Legally blind Yes High High Mental map + spatial structure

F Low
vision Yes Medium Medium Visual–tactile integration

G Legally blind Yes Medium Low Trial-and-error navigation
H Legally blind Yes Low Medium Cane + environmental cues
I Low vision Yes High High Visual memory + tactile support
J Legally blind No Low Low External assistance
K Legally blind Yes Medium High Route learning
L Low vision Yes Low Low Technology-assisted navigation
M Legally blind Yes Low Medium Sequential tactile exploration
N Legally blind Yes High High Advanced mental mapping
O Low vision Yes Medium High Hybrid visual–tactile strategy

3.5. Data Collection Process

In the data collection process, user experience was examined in depth using multiple
data sources that are explained as follows:

Surveys: Structured surveys were administered to participants before and after the tac-
tile map experience. The surveys aimed to measure quantitative trends with closed-ended
questions while revealing participants’ subjective experiences with open-ended questions.

Observations: Observation notes were taken while participants moved along the
designated routes using tactile maps; difficulties, pauses, and strategies encountered during
map use were recorded.

Open-Ended Feedback: Participants’ perceptions, preferences, and suggestions for
improvement regarding tactile maps were collected through open-ended feedback after the
experience. This multi-data collection approach ensured that quantitative findings were
supported by qualitative data and that user experience was interpreted contextually.

3.6. Data Analysis

Quantitative data were analyzed using SPSS 2022 software and evaluated through
frequency and percentage distributions. Qualitative data were analyzed using thematic
analysis; participant statements were coded and classified under common themes. Quan-
titative and qualitative findings were interpreted together, and the effects of tactile map
production methods on user experience were addressed within a holistic framework.
Given the exploratory nature of the study and the limited sample size, inferential statis-
tical testing was not prioritized. Instead, the analysis focused on descriptive trends and
experiential patterns.
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3.7. Aim of the Method

The following insights were derived from a user-centered and experience-based per-
spective, underpinned by this methodological framework:

• The study examined how tactile maps produced through different production tech-
niques influenced users’ tactile interpretation, spatial understanding, and navigation
experiences during map use;

• The intelligibility of tactile features refers to the degree to which tactile textures,
relief heights, and material contrasts can be clearly perceived, distinguished, and
meaningfully interpreted by users during tactile exploration;

• The impact of mental mapping on user experience design.

As summarized in Table 2, the evaluation criteria were assessed through a combina-
tion of structured questionnaires, direct observations, time measurements, and participant
feedback. Perceptual indicators such as map clarity, tactile distinguishability, symbol
readability, mental map perception, user satisfaction, confidence, anxiety, and perceived in-
dependent mobility were primarily evaluated through participant self-reports and post-task
assessments. Performance-related indicators, including navigation success, route comple-
tion time, hesitation points, navigation errors, and assistance requests, were documented
through systematic observation during the experimental process.

Table 2. Comparative summary of the two experimental designs.

Experimental Stage Stage 1: Tactile Map Review and
Perception Assessment

Stage 2: Field Navigation and
Usage Experience

Main Objective

To evaluate how different tactile map
production techniques influence initial

tactile interpretation, map readability, and
perceptual usability

To examine how tactile maps support
real-world navigation, spatial orientation,

and independent mobility

Research Design
Mixed-methods experimental evaluation
with quantitative emphasis supported by

qualitative feedback

Mixed-methods field-based evaluation
with qualitative emphasis supported by

observational and
quantitative measurements

Participants
n = 15 people with visual impairments,

university students (66.7% blind;
33.3% partially sighted)

Same participant group; measures
experimental design

Experimental Environment Controlled indoor evaluation environment Real-world campus environment
(Boğaziçi University North Campus)

Tactile Map
Production Techniques

• 3D-printed tactile map • Heat-sensitive
embossed paper tactile map

• 3D-printed tactile map • Heat-sensitive
embossed paper tactile map

Experimental Procedure

Participants manually explored each
tactile map without a strict time limitation

and evaluated tactile symbols, textures,
legends, spatial organization, and overall
readability. Structured questionnaires and

open-ended feedback forms were
administered after each

evaluation session.

Participants first examined the tactile
maps and then completed a predefined

navigation route between the same
starting and target locations within the

campus environment. Navigation
behaviour, route completion, hesitation

points, wrong turns, and assistance
requests were systematically observed

and recorded.

Independent Variables • Tactile map production technique • Tactile map production technique
• Real-world spatial complexity
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Table 2. Cont.

Experimental Stage Stage 1: Tactile Map Review and
Perception Assessment

Stage 2: Field Navigation and
Usage Experience

Evaluation
Metrics/Indicators

• Map clarity (ease of understanding
spatial organization) • Tactile

distinguishability (ability to differentiate
tactile elements) • Symbol readability

(ease of identifying tactile symbols and
legends) • Mental map perception (ability
to cognitively organize spatial structure)

• User satisfaction

• Navigation success (successful arrival at
target destination) • Route completion

time • Confidence level during navigation
• Anxiety level during movement
• Perceived independent mobility

Data Collection Tools • Structured questionnaires • Open-ended
questions • User feedback forms

• Observation forms • Time
measurements • Post-navigation
interviews • User feedback forms

Researcher Intervention
Researchers provided procedural

explanations but did not guide tactile
interpretation during exploration tasks.

Participants navigated independently;
researchers intervened only in situations

involving safety concerns or explicit
participant requests for assistance.

Process Recording
Map exploration duration and participant

feedback were recorded for each tactile
map condition.

Route completion time, hesitation points,
navigation errors, assistance requests, and
participant movement behaviours were

documented throughout the
navigation process.

Key Analytical Focus
Initial tactile interaction, perceptual

interpretation, and tactile usability of
different map production techniques

Real-world usability, route
comprehension, spatial orientation, and

independent navigation performance

Main Findings

Different tactile production techniques
influenced tactile distinguishability, map

readability, and perceived usability during
the first interaction.

Tactile maps supported confidence, spatial
orientation, and independent movement

during real-world navigation tasks.

Contribution to Literature

Provides empirical evidence regarding
how tactile production characteristics
influence initial tactile perception and

cognitive interpretation.

Demonstrates that tactile maps function as
experiential navigation tools shaped by
contextual interaction, spatial cognition,

and user experience.

To improve the clarity of the methodology, the research design can be more explicitly
presented as a two-stage experimental structure consisting of Stage 1 (Perception and
Evaluation) and Stage 2 (Wayfinding and Use Experience). Although these stages are
conceptually connected, each focuses on a different dimension of tactile map use. The first
experiment examines how users perceive and interpret tactile information in a controlled
environment, while the second experiment evaluates how this information is applied in
real-world navigation.

In the first stage, participants were asked to explore two different types of tactile
maps (3D-printed and heat-sensitive embossed paper maps) in a controlled setting. They
examined the maps freely, identified spatial elements such as buildings and pathways,
and interpreted tactile features including textures and Braille labels. This stage focused on
users’ initial perception and cognitive processing of the maps. Following the exploration,
participants completed structured questionnaires and provided open-ended feedback.
These procedures aimed to capture both measurable trends and subjective experiences
related to map readability, tactile differentiation, and initial mental map formation.
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In the second stage, the same participants engaged in real-world wayfinding tasks
within the campus environment. They were required to navigate from a defined starting
point to a target destination using the tactile maps as a reference. During this process,
their navigation behaviour, time to reach the destination, and encountered difficulties were
systematically observed and recorded.

Across both experiments, the independent variable was the tactile map production
method (3D-printed versus embossed paper), while the dependent variables differed ac-
cording to the stage. In the first experiment, the dependent variables included perceived
clarity, tactile distinguishability, and ease of interpretation, assessed through structured
questionnaires administered after tactile map exploration. In the second experiment, de-
pendent variables included navigation success, route completion time, confidence, anxiety,
and perceived independent mobility, evaluated through observations, time measurements,
and post-navigation assessments. In the first experiment, dependent variables included
perceived clarity, tactile distinguishability, and ease of interpretation. In the second experi-
ment, they included navigation success, time to destination, and perceived confidence. In
addition, to reduce potential bias, the order in which participants were exposed to different
map types was systematically controlled by alternating the sequence across participants.

Figure 4 presents complementary representations of the same mixed-methods research
framework rather than separate analytical processes. The left diagram summarizes the
overall methodological structure of the study, whereas the right diagram illustrates the
sequential workflow for data collection and analysis. The research process followed a
chronological order in which participants first completed tactile map exploration and
navigation tasks, followed by questionnaire administration, observations, and participant
feedback collection. Quantitative analyses and qualitative thematic coding were conducted
only after the completion of data collection. The two diagrams are therefore intended to
highlight different dimensions of the same research design rather than distinct method-
ological stages.

Figure 4. Research flowchart.

4. User-Based Evaluation of Tactile Maps
In the 3D-printed tactile map, the campus area was converted to the STL (Stereolithog-

raphy) data format using Open Street Map (OSM) data from Touch Mapper software. A
20 × 20 cm output was targeted for the physical production of the map, and a custom
scale of 1:1600 was chosen accordingly (Figure 5). This scale was optimized to main-
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tain the level of detail of the campus area while providing the user with a readable and
perceptible dimension.

 

Figure 5. Map viewing in Touchmapper software.

The embossed paper tactile map (Figure 3) was produced using a Piaf embossing
machine (Figure 6) with Zytex Swell Paper and black-and-white PNG map images prepared
in QGIS software. The 3D tactile map was automatically generated using the TouchMapper
platform based on OpenStreetMap spatial data. The Touchmapper software enhanced
the legibility of the 3D model by performing generalization on the QGIS map. For this
process, “Zytex Swell Paper” was used, and black-and-white PNG (Portable Network
Graphics) map images prepared via QGIS software were transferred to the Piaf machine
(Figure 6). Maps were created by heat-embossing black lines on a heat-sensitive surface,
and the process was repeated to increase the embossing depth if necessary. This method is
advantageous due to its low cost and high production speed.

 

Figure 6. Piaf embossing machine (printing tactile map on swell paper).

Touch Mapper was used to generate the final STL model for 3D printing. The source
spatial data were first processed and generalized in QGIS prior to export. During this stage,
non-essential features were removed, spatial elements were simplified, and the map content
was adapted to tactile cartographic design requirements. The generalized dataset was
subsequently used as the basis for STL generation and tactile map production. Compared
with 3D-printed tactile maps, embossed swell-paper maps generally offer lower levels of
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tactile depth variation and structural layering. While swell-paper technology enables the
creation of raised tactile elements, the range of achievable height differentiation remains
more limited than that of fully three-dimensional-printed models.

The text information on the maps in the Figure 7 was created in Braille using the
Index Braille Embosser device. Braille text was translated from a Word document using the
Duxbury Braille Translator software and printed on special surface cardboard. Building
names on the map were represented using a numeric referencing system, and the corre-
sponding descriptions were provided in separate Braille-written description boxes to avoid
overcrowding the tactile surface. This approach enabled users to identify spatial features
while maintaining tactile clarity and reducing cognitive load during exploration.

In tactile cartography, legibility is not limited to recognisability of individual symbols
or textures but is basically shaped by the spatial relationships between objects on the map,
particularly the tactilely perceivable distance between them. Unlike visual maps, where
multiple features can be perceived simultaneously, tactile maps are explored sequentially
through touch. Consequently, insufficient spacing between objects such as buildings, paths,
or landmarks can lead to tactile interference, confusion, and increased cognitive load,
significantly reducing overall map legibility [27].

 

Figure 7. Image of the map to be printed in the X Desktop Slicing Software.

To address these challenges, tactile differentiation was adapted according to the ca-
pabilities of each production method. In the 3D-printed tactile map, differentiation was
achieved primarily through variations in relief height, surface texture, and spatial separa-
tion between map elements. In the embossed swell-paper map, where height variation is
inherently more limited, tactile distinguishability relied mainly on simplified map content,
line thickness, texture contrast, and adequate spacing between features. These design
strategies ensured that essential navigational information could be perceived through
touch and supported spatial understanding without reliance on visual cues.

The map in the Figure 8 produced using a 3D printer was mounted on a 50 × 70 cm
foam board to ensure tactile stability and to prevent unintended movement during ex-
ploration (Figure 2). Buildings and roads on the map were numbered using Braille, with
corresponding descriptions provided in separate Braille written description boxes posi-
tioned alongside the map to avoid surface overcrowding. The production and design
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process followed a user-centered approach, aiming to support independent map use and
clear tactile perception.

 

Figure 8. Map obtained from a 3D printer.

Due to its physical dimensions, the 3D-printed map was not intended for continuous
mobile use. Instead, it was primarily designed as a prenavigation learning tool, allowing
users to study the spatial layout and form a mental map prior to movement. Participants
reported that carrying a rigid map of this size during daily navigation, especially while
using a cane, was impractical. This limitation was therefore acknowledged as a trade-off
between tactile legibility and portability and is discussed in detail in the limitations section.

In the process of arranging cartographic symbols for tactile maps, the tagging of spatial
features was carried out using the Braille Alphabet and numbering system; building names
and roads were written in their original Braille text without using Braille abbreviations.
In the legend section of the tactile maps, tactile variables were used to represent different
categories of spatial information through distinguishable textures, line patterns, heights,
and surface characteristics rather than visual colour itself. Since students with visual
impairments primarily interpret spatial information through touch, different tactile patterns
and relief structures were assigned to map elements such as pedestrian paths, buildings,
open spaces, boundaries, and landmarks in order to improve tactile differentiation and
symbol recognition. These tactile variables functioned similarly to visual variables in
traditional cartography by supporting hierarchy, categorization, and spatial interpretation
during tactile exploration.

5. Findings
5.1. Quantitative Findings

The quantitative data obtained in the research were analyzed using the SPSS 2022
software. The quantitative findings section of the study was designed to reveal the knowl-
edge, usage experiences, preferences, and needs of individuals with visual impairments
regarding tactile maps through numerical data. Responses to closed-ended questions
obtained through a pre-designed questionnaire were analyzed, and the data obtained were
evaluated using frequency and percentage distributions. Analyses focusing on variables
such as participants’ knowledge of the Braille alphabet, familiarity with tactile maps, pref-
erence for three-dimensional and embossed paper maps, and navigation success provide
important indicators in terms of map functionality and user-friendly design features.

Findings in Table 3 regarding participants’ visual acuity show that the vast majority
of individuals participating in the study (66.7%) were legally blind (100% people with
visual impairments). The remaining 33.3% consisted of individuals with “low vision”.
This distribution is important for explaining why opinions may differ in the evaluation of
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tactile map experiences, especially regarding issues such as colour tagging, tactile contrasts,
and the significance of visual cues. Furthermore, it appears that needs and perceptions
regarding map literacy and wayfinding skills also vary depending on visual acuity.

Table 3. Visual Acuity.

Tags Frequency (n) Percentage (%)

Low vision 5 33.3

Legally blind 10 66.7

Total 15 100

The vast majority of participants (86.7%) stated that they knew the Braille alphabet,
with only a small group of 13.3% indicating that they were not Braille literate. Table 4
presents participants’ functional Braille literacy rather than different levels of Braille pro-
ficiency. Participants were asked a closed-ended question regarding their ability to read
Braille in everyday use. Accordingly, a “Yes” response indicates that the participant was
able to use Braille functionally for reading and interpreting tactile information, while a
“No” response indicates that the participant did not use Braille functionally. The purpose
of this question was to distinguish Braille users from non-users rather than to assess the
degree of Braille reading proficiency.

Table 4. Functional Braille literacy of participants.

Tag Frequency (n) Percentage (%)

Yes 13 86.7

No 2 13.3

Total 15 100

Participants who were unfamiliar with Braille were still able to interpret the map
legends through tactile symbol differentiation, repeated orientation support provided
before the experiment, and verbal explanation of legend categories during the introductory
phase of the study.

As seen in Table 5, while 60% of participants stated that they knew the colours of
recreational and relaxation facilities such as seating areas, trash cans, tables, and benches
in the campus square, 40% stated that they did not have this knowledge. This difference
may be related to the participants’ visual acuity and environmental awareness experiences.
It was observed that individuals with low vision, in particular, could distinguish con-
trasting colours (e.g., white-blue, red-black) and therefore used colour cues in the spatial
environment in their mental mapping process.

Table 5. Colour knowledge level of geographic and spatial features on campus.

Tag Frequency (n) Percentage (%)

Yes 9 60

No 6 40

Total 15 100

The findings presented in Table 6 provide insight into participants’ previous experi-
ences and perceptions regarding tactile map use. The responses indicate that participants
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relied on different strategies when interpreting spatial information and navigating un-
familiar environments. These findings suggest that the effectiveness of tactile maps is
closely related to users’ prior experience with tactile spatial representations and their
familiarity with map-reading practices. Consequently, tactile map usability should be
considered not only as a product-design issue but also as a component of spatial learning
and orientation training.

Table 6. Encountering colour tagging of campus buildings.

Tag Frequency (n) Percentage (%)

Yes 8 53.3

No 7 46.7

Total 15 100

Approximately half of the participants (53.3%) stated in Table 7 that they had previ-
ously encountered tagging related to the colours of buildings and other spatial features on
campus, while 46.7% stated that they had not encountered such information. A significant
portion of participants who answered “yes” had obtained this information through build-
ing exterior colours (e.g., red brick, grey concrete, and white glass) or through explanatory
boards, guide explanations, and verbal tagging from friends. In contrast, participants with
lower visual impairments emphasized that they found colour tagging to be “abstract” and
“dysfunctional” and that the function, location, texture, and neighbourhood relationships
of the building were more meaningful instead.

Table 7. Ease of access to different faculties or campuses.

Tag Frequency (n) Percentage (%)

Yes 11 73.3

No 4 26.7

Total 15 100

Table 7 shows 73.3% of participants stated that they could easily access faculties or
campus areas outside their department independently, while 26.7% reported experiencing
difficulties. Individuals who reported being able to access the area generally developed
personal strategies such as familiarity with the location, navigation skills, cane use, and the
ability to interpret environmental signs.

The results shown in Table 8 reveal important aspects of how participants perceived
and utilized tactile map information during orientation and navigation tasks. The distribu-
tion of responses suggests that users evaluate tactile maps based on their ability to support
spatial understanding, route planning, and environmental awareness.

Table 8 shows that 66.7% of participants stated that they experienced anxiety when
they had to reach a place on campus for the first time and alone. Reasons for this anxiety
included insufficient knowledge of navigation, lack of adequate signage systems, inability
to foresee obstacles (stairs, barriers, open walls, etc.), and inadequate maps. Due to anxiety,
some participants did not go to their intended destination at all, while others only reached
it with outside help. The places they intended to go included: a faculty building, the
student affairs office, the cafeteria, the conference hall, and the rector’s building. On the
other hand, 33.3% of participants stated that they were confident in their navigation skills,
that they conducted preliminary research to familiarize themselves with the location, or
that they memorized routes over time.
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Table 8. Assessment of problems experienced in reaching the target location alone for the first time.

Tag Frequency (n) Percentage (%)

Yes, I was worried 10 66.7

No, I didn’t have any problems 5 33.3

Total 15 100

Table 9 shows that 80% of the individuals participating in the survey stated that they
were familiar with tactile maps. This indicates that a significant portion of individuals with
visual impairments have previously encountered or experienced such maps. According
to the participants, knowledge of tactile maps is generally acquired in primary school
years (for example, with maps of Turkiye or the world), but since it is not supported
by systematic education, the ability to use them may remain limited in later years. The
20% who answered “No” stated that they encountered the concept of tactile maps for the
first time in this study and that they could not experience the map design and the meaning
of the legend by reading it. This situation reveals that the promotion and training processes
for tactile maps should be widespread, and that descriptive information should be made
clearer and more accessible.

Table 9. Tactile map recognition.

Tag Frequency (n) Percentage (%)

Yes 12 80

No 3 20

Total 15 100

Table 10 shows that sixty percent of participants stated that they had never used a
tactile map based on colour tagging before. In this study, colour was not used as a tactile
coding system or as an independent navigational layer. Rather, colour information was
included as supplementary descriptive information that could be verbally communicated
by sighted assistants to people who are legally blind. For instance, when a landmark or
building is described by a sighted person as “the white New Hall building,” this colour-
based description may support landmark identification and orientation during assisted
wayfinding. Therefore, colour served as a contextual descriptive reference rather than a
tactile map-reading variable.

Table 10. Usage status of colour-tagged tactile maps.

Tag Frequency (n) Percentage (%)

Yes 6 40

No 9 60

Total 15 100

In contrast, 40% of participants reported that the use of colour and visual contrast may
be beneficial for individuals with residual vision, particularly during the initial interpre-
tation of tactile maps and the formation of visual-spatial associations. These participants
were primarily low-vision users who could combine limited visual information with tactile
exploration. It should be noted that colour was not used as a tactile coding system and did
not convey navigational information independently. Rather, it served as supplementary
visual support for participants with usable residual vision.
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Although colour is generally considered less important for users with visual impair-
ments, it also serves an additional function that goes beyond direct perception. In particular,
colour plays a significant role for sighted individuals such as teachers, guides, or assis-
tants, who support users with visual impairments during navigation or learning processes.
For this reason, colour should be evaluated not only from the perspective of users with
visual impairments but also as an instrumental element that facilitates communication and
interaction between users and their support environments.

It was emphasized that colour tagging often remains “abstract” and dysfunctional for
legally blind individuals, and that texture, pattern, and object-function information are
more meaningful. These findings reveal that tactile maps should be designed with inclusive
accessibility principles, integrating not only colour but also multiple sensory components
such as texture, relief, and auditory feedback.

Table 11 shows that while 46.7% of participants stated that colour tagging in tactile
maps was meaningful to them, 53.3% stated that these tags were not functional or did not
contribute anything. Individuals who found them meaningful were generally in the low-
vision group and emphasized that colours (e.g., “red building = administrative unit”, “blue
area = social facility”) helped in distinguishing spatial features. In contrast, individuals
with complete blindness stated that colour tagging remained at the conceptual level because
it was based on visual memory or past experiences, and that textures, auditory directions,
or embossed symbols were more useful for wayfinding. It was stated that emphasizing
colour tagging of geographical features would be beneficial in finding the target location
where individuals with visual impairments can communicate. This finding shows that
tactile maps should be designed not only with colour descriptions but also with functional
matching and multisensory access tools.

Table 11. Meaningfulness of colour tagging.

Tag Frequency (n) Percentage (%)

Yes, it makes sense 7 46.7

No, it doesn’t make sense 8 53.3

Total 15 100

Table 12 shows that the vast majority of participants 86.7% stated that they wanted to
receive training on the use of tactile maps. This demand rate indicates that individuals have
limited existing map-reading skills and that users are seeking support for more effective
and safe navigation. Some participants stated that they had encountered tactile maps before
but had not had a systematic experience using them, while others stated that they were
hearing about such maps for the first time. Individuals requesting training particularly
wanted to gain knowledge in areas such as colour tagging, sign reading, understanding
map scales, navigation practices, and real-world applications. This result points to the need
to support accessibility infrastructures not only physically but also in terms of access to
information and user competence. It is recommended that training content be diversified
with Braille, audio tagging, and practical navigation training.

Table 12. Request for tactile map training.

Tag Frequency (n) Percentage (%)

Yes 13 86.7

No 2 13.3

Total 15 100
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Table 13 shows that sixty percent of participants stated that they had created a mental
map beforehand by working on a tactile map and had tried to reach their destination
independently with this preparation. These individuals, especially those with strong
spatial memory or developed navigation strategies, stated that they modelled the route
in their minds through the reliefs, directional arrows, signs, and tags on the map. This
method offers a significant advantage in terms of saving time and independent movement,
especially in large and complex areas such as campuses. On the other hand, 40% of the
group stated that they had never tried this method or could not implement it because they
did not feel confident enough to do so. These findings reveal that tactile maps need to be
supported not only by design but also by processes such as pre-use guidance, examples
suitable for homework, and hands-on training.

Table 13. Unassisted mobility experience by providing mental maps with tactile maps.

Tag Frequency (n) Percentage (%)

Yes 9 60

No 6 40

Total 15 100

Table 14 shows that the majority of participants (93.3%) stated that spatial information
(e.g., building names, ramps, stairs, directional details) included in tactile maps would
significantly facilitate their use. These users emphasized that this information is vital for
independent movement, safe navigation, and reaching destinations, especially in complex
and large areas like campuses. They indicated that building names allow for location
verification, ramps and stairs are indicated, routes can be planned in advance, and potential
physical obstacles can be overcome. Only one participant stated that this information
would not be sufficiently meaningful and that they navigated using environmental aids or
pre-memorized routes.

Table 14. Belief that spatial information provides ease of use.

Tag Frequency (n) Percentage (%)

Yes, it provides convenience 14 93.3

No, it does not contribute 1 6.7

Total 15 100

Table 15 shows that 73.3% of participants believe that a system encouraging the
updating and improvement of tactile maps through user participation is necessary. The
findings presented in Table 16 reflect participants’ evaluations and recommendations
regarding the future development of tactile mapping systems. The responses indicate
that users value solutions that enhance accessibility, improve information retrieval, and
facilitate independent navigation.

Table 15. The need for methods to encourage user participation.

Tag Frequency (n) Percentage (%)

Yes, it should be considered 11 73.3

No, it’s not necessary 4 26.7

Total 15 100
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Table 16 shows that sixty percent of participants stated that the portability, accessibility,
privacy, and security features of tactile maps were “very important,” while 26.7% rated
them as “important.” In total, a high percentage of 86.7% emphasize that these four elements
are critical to user experience. In addition to portability and accessibility, participants were
also asked about several other usability-related features that may influence real-world
tactile map use, including tactile readability, symbol distinguishability, spatial clarity, ease
of orientation, confidence during navigation, physical handling comfort, and overall user
satisfaction. Open-ended feedback questions additionally allowed participants to express
personal preferences and suggest improvements related to map size, tactile detail density,
legend interpretation, and potential integration with audio or digital navigation support
systems. Privacy is particularly important for individuals who do not want others to know
where they want to go or to protect their personal traces on the map. Security is related not
only to the physical durability of the map (resistance to wear and tear) but also to the fact
that it does not carry the risk of misdirection. These data demonstrate that tactile maps are
not only a physical access tool but also a strategic product that must be designed with user
privacy and security in mind.

Table 16. Importance level of tactile map features.

Importance Level (1–5) Frequency (n) Percentage (%)

1. Not important at all 0 0

2. Slightly important 1 6.7

3. Undecided 1 6.7

4. Important 4 26.7

5. Very important 9 60

Total 15 100

Comparative frequency analysis in Table 17 reveals a significant and consistent differ-
ence in experience between the two tactile map production methods. The vast majority of
participants found 3D-printed tactile maps more effective for overall comprehensibility, spa-
tial relationship differentiation, and mental map formation. This was particularly evident
in the tactile perception of building masses, road boundaries, and voids. In contrast, relief
paper maps were more frequently preferred due to their portability and ease of use while on
the move. However, a more balanced distribution was observed between the two methods
in terms of aiding navigation. Given the relatively small and heterogeneous participant
group, the quantitative findings should be interpreted primarily as exploratory and descrip-
tive rather than statistically generalizable. In particular, participants with residual vision
and those who were legally blind may have interacted with tactile maps differently due to
variations in visual support, tactile reliance, and spatial interpretation strategies. Therefore,
the study does not claim statistically definitive differences between production methods
but instead highlights recurring experiential patterns and user perceptions observed across
the evaluation process. For this reason, qualitative feedback and contextual interpretation
were prioritized over formal inferential statistical generalization.

An additional aspect that should be considered concerns the visual appearance of
the tactile maps for participants with residual vision. Monochromatic FDM-produced 3D
tactile maps may appear visually less distinguishable and lower in visual contrast compared
with swell paper graphics, where black embossed elements on a bright background can
provide stronger visual differentiation. Although the primary focus of this study was
tactile interaction and spatial interpretation, visual contrast and aesthetic clarity may also
influence usability, orientation efficiency, and user preference among partially sighted
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individuals. This issue represents an important design consideration for future tactile map
development and multimodal accessibility research.

Table 17. Comparative evaluation of tactile map production methods (n = 15).

Evaluation Criteria 3D Printed Map (n) Embossed Paper Map (n)

General comprehensibility/clarity 10 5

Distinguishing spatial relationships
(building–path–space) 11 4

Contribution to mind mapping 9 6

Assisting in navigation 8 7

Portability and ease of use 4 11

The findings from the Table 18 suggest that while 3D-printed tactile maps provide
stronger spatial organization and tactile differentiation, embossed paper maps remain
advantageous in terms of portability and practical accessibility. These results support
the argument that tactile map effectiveness should not be evaluated solely through tech-
nical production quality, but through the interaction between material properties, user
perception, and navigation context.

Table 18. Comparative analysis of 3D-printed and swell paper tactile maps: results from the Wilcoxon
signed-rank test.

Evaluation Criterion Preferred
Map Type Z Value p

Value Interpretation

Map Clarity 3D Printed −2.412 0.016 Significant difference in favour of 3D-printed maps
Tactile Distinguishability 3D Printed −2.731 0.006 Strong tactile differentiation in 3D maps

Ease of Reading 3D Printed −2.118 0.034 Improved readability in 3D tactile structures
Mental Map Formation 3D Printed −2.845 0.004 Enhanced support for spatial cognition

Portability Embossed Paper −2.021 0.043 Embossed maps perceived as easier to carry
Rapid Accessibility Embossed Paper −1.992 0.046 Faster immediate usage perception

Given the exploratory character of the study and the limited sample size, the statistical
findings should be interpreted cautiously. Nevertheless, the inclusion of non-parametric
analysis provides additional methodological support for understanding experiential differ-
ences between tactile map production methods.

5.2. Qualitative Findings

In this section, data obtained from surveys and individual interviews conducted with
participants with visual impairments were analyzed through thematic analysis. The data
obtained are presented under headings such as tactile map use, functionality of colour
tagging, mental map creation experience, accessibility, and portability.

Table 19 shows that most participants stated that they first encountered tactile maps in
university. However, the content of these maps mostly consisted of abstract geographical
information, such as maps of Türkiye or the world. Experience with tactile maps in a
campus environment was very limited. Some participants mentioned thematic maps
they encountered in city squares or museums: “There was a tactile map in Zaragoza city
square (Spain). I tried to understand the location of the buildings by sliding my fingers”
(participant: O).
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Table 19. Thematic coding distribution according to participant opinions (n = 15).

Theme Code Thematic Area Number of
Participants (n)

T1 Familiarity with tactile maps 14

T2 Difficulty understanding legends and symbols 10

T3 Functionality of colour tagging 9

T4 Creating a cognitive map 10

T5 Anxiety about independent movement and navigation 12

T6 Need for portability and simplification in map design 13

T7 Perception of privacy and security 7

T8 Demand for map-reading training 13

T9 Suggestion for user participation in map updating 11

T10 Suggestion for technology-supported maps (navigation, voice map, etc.) 9

However, several participants reported difficulties during their initial interaction with
tactile maps. The most frequently mentioned challenges were uncertainty about identifying
their current position on the map, limited familiarity with tactile map-reading conventions,
and difficulties interpreting the legend. As one participant noted, “One cannot understand
where they are on the map. Training is needed for map reading” (Participant L), while
another stated, “It was difficult for me to understand the geographical information because
I couldn’t read the legend” (Participant E). These findings suggest that tactile map usability
is influenced not only by map design but also by users’ prior map-reading experience and
familiarity with tactile navigation tools.

Participants’ experiences revealed several recurring themes related to tactile map use.
Limited familiarity with tactile maps (T1) indicates that exposure to tactile cartography is
often confined to early educational stages and is rarely supported by continuous learning
processes in later years, resulting in underdeveloped tactile map literacy among individ-
uals with visual impairments [28]. In parallel, many participants reported difficulties in
understanding legends and tactile symbols (T2), emphasizing uncertainty about where
to begin map exploration and how to interpret symbol–meaning relationships. In paral-
lel, many participants reported difficulties in understanding legends and tactile symbols
(T2), particularly in determining where to begin tactile exploration and how to interpret
symbol–meaning relationships. These challenges may be partially associated with dif-
ferences in Braille literacy, prior tactile map experience, and the absence of integrated
multimodal support such as audio guidance or enhanced visual assistance for participants
with residual vision. The findings therefore suggest that tactile maps may benefit from
multimodal accessibility strategies that combine tactile information with audio instructions,
high-contrast visual elements, or guided orientation support to improve interpretability for
diverse user groups.

This finding aligns with previous studies showing that insufficient symbol differentia-
tion, lack of hierarchical clarity, and absence of map-reading training significantly reduce
the usability and cognitive effectiveness of tactile maps [29]. Perceptions regarding the
functionality of colour tagging (T3) further highlight user diversity: while participants
with low vision reported that contrasting colours could support visual–mental associations,
individuals with complete blindness generally perceived colour information as abstract
and non-functional for direct navigation. However, colour references were noted to have an
indirect role in facilitating verbal communication with sighted individuals during wayfind-
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ing, a finding consistent with literature emphasizing the greater effectiveness of tactile,
functional, and multisensory cues over purely colour-based descriptors in non-visual
navigation contexts [29].

The qualitative themes summarized in Table 19 are largely consistent with existing
literature on tactile cartography and wayfinding for users with visual impairments. Partici-
pants’ limited familiarity with tactile maps, difficulties in interpreting legends and symbols,
and strong demand for map-reading training reflect well-documented gaps in tactile map
literacy and learning continuity [30]. Reports emphasizing the importance of mental map
formation and reduced navigation anxiety align with spatial cognition and wayfinding theo-
ries, highlighting pre-navigation learning as a key component of independent mobility [31].
Furthermore, concerns related to portability, privacy, and the need for user participation in
map updating support user-centered and participatory design approaches, which stress
adaptability and user involvement in accessible spatial information systems [32]. Finally,
participants’ interest in technology-supported and multisensory solutions reinforces recent
calls for integrating tactile maps into hybrid wayfinding ecosystems rather than treating
them as static accessibility artifacts [33].

Some participants emphasized that they could distinguish between light and dark
colours thanks to their memories from previous experiences: “I can pick out colours like
black, white, and red. I can make matches based on them” (participant: C). However, it
was stated that using colours as a functional tool is generally insufficient, and that tactile
patterns, building structures, or environmental positioning are more meaningful instead:
“For me, features such as whether the building is stone, new, or flat are more descriptive.”
(Participant: O) “Instead of colour, the sound of the building, the stone paving at the
entrance, or the trees in the surroundings are more important signs” (participant: E).

The vast majority of participants stated that they had previously studied and visual-
ized a place they aimed to reach, and that they found their way this way. This strategy is
applied through finger tracing on a map and establishing spatial connections in memory:
“I studied at home and created a mental map. Once the map of the place I want to go is
visualized in my head, it is easier to walk outdoors” (participant: B). Some participants
stated that experiencing the process in a hands-on environment was more efficient, and
that abstract map work alone was insufficient: “It is more efficient to practice reading
the map in the field and reaching the target location. Mental work alone is not enough”
(participant: A).

Almost all participants stated that indicating spatial features such as building names,
ramps, and stairs on the tactile map greatly contributed to the wayfinding process: “Infor-
mation such as where the building entrances are the location of the ramp, and how many
steps there are is important. If there is no one around, it is difficult for me to identify the
building by sound or with a cane” (participant: B). “We can learn the campus locations and
stair structures. I can more easily plan a route to the place I want to reach” (participant: L).

The majority of participants stated that tactile maps may be difficult to use if they are
heavy, rigid, or non-foldable. It was emphasized that the map should be waterproof, easy
to carry, and fit in a bag: “It’s difficult to carry a map while holding a cane; it could be like
an apron hanging around the neck” (participant: A). “If the pages were in the form of a
notebook with a cover showing specific parts of the place, maps like this could be taken
anywhere” (participant: C).

Some participants emphasized that the maps should not show hidden areas or sen-
sitive regions. Some participants, however, did not attach much importance to privacy
or evaluated it contextually: “Hidden areas should be indicated as encrypted, private, or
not shown at all” (participant: E). “I don’t go to hidden places anyway. Classrooms and
cafeterias are usually sufficient” (participant: M).
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The ability to understand tactile maps is a competency that needs to be developed for
most participants. Many individuals who had difficulty understanding the map upon their
first encounter stated that they wanted to receive map-reading training: “I had difficulty
understanding the tactile map; I couldn’t understand anything. I should have received
Braille alphabet and map reading training” (participant: O).

The vast majority of participants stated that tactile maps should be updated with user
feedback and that they wanted to actively participate in this process. Some suggested
methods for this purpose are as follows:

• Audio feedback boxes;
• Braille comment areas;
• Digital survey with QR code;
• Monetary incentives (gift card, app membership, etc.).

“If there was a feedback system with QR codes, it would be both easy and accessible
to everyone” (participant: E).

A significant portion of participants suggested that tactile maps should be supported
by digital technologies (navigation, voice guidance, and artificial intelligence assistants).
In addition, creative suggestions such as personalized map production with 3D printing,
modular part-based and voice map notebooks came to the fore: “The textured surface from
the 3D printer was very useful for me. It can be designed according to the needs of each
user” (participant: E). “A map combined with navigation, voice and embossed would be
much more functional” (participant: L).

The findings show that tactile maps are an important supporting tool in the experience
of individuals with visual impairments finding their way around the campus, but there are
areas open to improvement in terms of education, user contribution, physical design and
digital integration. The participants’ requests are not limited only to the physical presence
of the map; this crucial user-centric approach highlights the need for a multi-sensory
wayfinding ecosystem that requires careful consideration.

6. Discussion
The findings of this study suggest that tactile map production methods are associated

with differences in tactile perception, spatial understanding, and wayfinding experience
among students with visual impairments. Rather than functioning merely as static accessi-
bility products, tactile maps appeared to operate as experiential and cognitive support tools
that shaped how participants prepared for navigation, interpreted spatial relationships,
and developed confidence during movement within the campus environment.

Participants generally reported that 3D-printed tactile maps provided stronger tactile
differentiation and clearer spatial organization compared to heat-sensitive embossed paper
maps. This tendency may be explained by the volumetric and layered structure of 3D-
printed surfaces, which likely enabled users to distinguish pathways, buildings, and spatial
boundaries more effectively during sequential tactile exploration. Since tactile perception
occurs fragment by fragment rather than holistically, clearer relief variation may reduce
cognitive ambiguity and support more stable mental map formation [34].

Qualitative observations and participant feedback further supported these tendencies.
Several participants described the 3D-printed maps as “easier to mentally organize” and
“more understandable spatially,” particularly when attempting to interpret relationships
between buildings and pedestrian routes. One participant noted that the raised structures
“made it easier to imagine the campus before walking,” while another participant explained
that “the buildings felt more separated and recognizable through touch.”

At the same time, the findings also indicate that embossed paper maps offered impor-
tant practical advantages despite their more limited tactile depth. Participants frequently
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emphasized portability, rapid accessibility, and ease of handling as positive characteristics
of embossed maps. Some users stated that the lighter structure of embossed maps made
them easier to carry during navigation activities, even though certain tactile symbols and
textures were perceived as less distinguishable.

The study additionally suggests that tactile map usability cannot be understood solely
through technical production quality. User familiarity, prior tactile map experience, and
individual navigation strategies appeared to shape how spatial information was inter-
preted. Participants with greater previous exposure to tactile maps generally demonstrated
more confidence in interpreting tactile symbols and constructing spatial relationships. In
contrast, participants with limited tactile map experience relied more heavily on sequential
exploration, verbal confirmation, or environmental cues [35].

Another important finding concerns the process-oriented role of tactile maps within
navigation. The findings suggest that participants did not use tactile maps merely as
reference objects during movement; rather, the maps functioned as preparatory cognitive
tools that supported pre-navigation planning and reduced uncertainty before entering the
environment. Several participants reported that exploring the tactile maps beforehand
increased their confidence and reduced anxiety during route-following tasks [36].

From a cartographic design perspective, the study highlights the importance of tactile
hierarchy, simplification, and material-sensitive design. Excessive spatial detail or insuffi-
cient tactile contrast may increase cognitive load and reduce interpretability, particularly in
complex environments such as university campuses [37].

The findings of this study should also be considered within the broader context of
emerging digital navigation technologies for people with visual impairments. Although
tactile maps remain valuable tools for spatial learning, route familiarization, and cognitive
map formation, their portability and practicality for continuous on-site navigation remain
limited. Previous studies have similarly emphasized that traditional tactile and audio-tactile
maps are often cumbersome, difficult to update, and primarily useful during pre-navigation
preparation rather than real-time wayfinding [38]. Recent research has demonstrated
the potential of mobile audio-vibratory and digital audio–tactile mapping systems to
overcome some of these limitations by providing portable, interactive, and dynamically
updateable spatial information through smartphones and touchscreen devices [37–39].
Likewise, digital audio-map approaches have been proposed as functional equivalents
of tactile maps, supporting spatial awareness and mental map development through
auditory interaction and contextual descriptions [25]. These findings suggest that tactile
maps and digital navigation technologies should not be viewed as competing solutions
but rather as complementary tools. While tactile maps facilitate the development of
cognitive representations of space, mobile navigation applications, audio-tactile systems,
QR-supported interfaces, and audio-vibratory maps may provide effective support for
real-time navigation and independent mobility in unfamiliar environments.

Although tactile maps are widely acknowledged as valuable accessibility tools, they
are often treated as static products whose effectiveness is taken for granted. In practice,
many design decisions, particularly those concerning production methods, are guided by
technical feasibility, cost, or availability, rather than by how users actually experience and
use the maps in real-world navigation contexts [40].

The findings of this study directly address the research gaps identified in the literature
review. First, by comparing 3D-printed and embossed tactile maps through both percep-
tual evaluation and real-world navigation tasks, the study provides empirical evidence
regarding how tactile map production methods influence user perception, confidence, and
navigation experience. Second, the user-centered mixed-methods approach contributes to
the integration of production technologies within participatory and experience-based tactile
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cartography research, moving beyond purely technical evaluations of map production.
Third, the results demonstrate that tactile maps function not only as static representations
but also as process-oriented wayfinding tools that support mental map formation, spatial
learning, and independent mobility in real environments.

An important consideration emerging from this study concerns the practical portability
of tactile maps. Although embossed tactile maps were generally perceived as more portable
than their 3D-printed counterparts, neither map type can be considered fully suitable for
continuous on-site navigation. Instead, tactile maps appear to provide their greatest value
during pre-navigation preparation, route familiarization, and cognitive map formation. In
contrast, real-time wayfinding is increasingly supported by smartphone-based navigation
applications and assistive digital technologies used by individuals with visual impairments.
Rather than functioning as competing solutions, tactile maps and digital navigation systems
should be viewed as complementary tools.

The findings also highlight opportunities for integrating tactile maps with emerging
audio-tactile technologies. Recent studies have demonstrated that audio-tactile systems
can enrich spatial exploration by combining tactile interaction with auditory feedback,
enabling users to access additional environmental information without increasing tactile
complexity. Such hybrid approaches may address some of the limitations associated with
purely tactile maps, including difficulties with presenting detailed information, updating
content, and supporting independent orientation in unfamiliar environments. Further-
more, participant suggestions regarding QR-code-supported feedback systems indicate
a growing interest in interactive and multimodal navigation solutions. Future research
should therefore investigate how audio-tactile interfaces, mobile applications, and tactile
cartography can be integrated to support both cognitive map formation and real-world
navigation performance.

7. Conclusions
This study examined tactile maps not only as representational products but as process-

oriented wayfinding tools shaped through user experience, learning, and contextual interac-
tion. By comparing 3D-printed tactile maps and heat-sensitive embossed paper maps within
a real campus environment, the research provides empirical evidence on how production
methods influence tactile perception, mental map formation, and independent navigation.

The findings demonstrate that 3D-printed tactile maps offer stronger support for
tactile spatial organization and cognitive mapping, particularly in complex environments,
whereas embossed paper maps provide practical advantages in terms of portability, speed
of production, and accessibility. These results highlight that no single production method
universally satisfies all wayfinding needs; instead, effectiveness depends on the interaction
between material properties, user experience, and spatial features.

The open-ended survey responses provided critical insights that could not be captured
through structured questions alone. Participants articulated individual experiences related
to tactile map usability, anxiety during independent navigation, mental map formation,
and expectations for future map designs. These qualitative findings complemented the
quantitative results by explaining why certain production methods were perceived as more
effective and by revealing user-driven design needs such as portability, simplification, and
training support. Consequently, the open-ended responses played a key role in interpreting
the quantitative trends and in shaping the study’s conclusions, which positioned tactile
maps as process-oriented wayfinding tools rather than static accessibility artifacts.

Importantly, the study reinforces the view that tactile maps should be understood
as dynamic components of a broader wayfinding process rather than static accessibility
artifacts. Participants’ experiences revealed that pre-navigation learning, familiarity, con-
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fidence development, and awareness of tactile map availability are central to successful
independent mobility. Several participants indicated that tactile maps can only effectively
support navigation when users are informed about their existence, understand how to ac-
cess and interpret them, and receive sufficient orientation or training before real-world use.
Moreover, the strong demand for training and user participation suggests that tactile maps
reach their full potential only when supported by learning-oriented, participatory, and mul-
timodal accessibility frameworks integrating tactile, visual, and audio guidance elements.

An important implication of this study is the necessity of systematic map-reading
education for users with visual impairments. The findings demonstrate that the effec-
tiveness of tactile maps depends not only on their production methods and technical
characteristics but also on users’ familiarity with map symbols, legends, scales, and spatial
conventions, as well as on the broader social and institutional support available during
orientation processes. Several participants reflected on their first experiences navigating
the university campus and emphasized the importance of assistance provided by peers,
family members, university accessibility offices, and orientation services in developing
confidence and spatial familiarity. These experiences suggest that tactile maps alone may
not fully support independent navigation unless accompanied by orientation training,
guided introduction to campus environments, and accessible support systems. Therefore,
integrating map-reading education into university orientation programmes, accessibility
units, rehabilitation services, and peer-support practices should be considered an essential
component of inclusive wayfinding systems rather than an optional supplement.

Despite its contributions, the study is limited by its sample size, single-campus context,
and the scope of production technologies examined. Future research could expand this
framework by incorporating larger and more diverse user groups, alternative fabrication
methods, and digital or hybrid tactile-audio systems. Integrating tactile maps into adap-
tive, multisensory wayfinding ecosystems represents a promising direction for advancing
inclusive spatial design.

8. Limitations
Although the study provides important insights into the experiential use of tactile

maps in real-world navigation contexts, several limitations should be considered when
interpreting the findings. First, the study was conducted with a relatively small participant
group within a single university campus environment. While this context provided a
controlled and accessible setting for field-based experimentation, the findings may not be
directly transferable to other spatial environments with different structural characteristics
or navigation complexities.

Second, the study focused specifically on two tactile map production methods 3D
printing and heat-sensitive embossed paper selected because of their accessibility, practical-
ity, and contrasting material characteristics. Other tactile production techniques, such as
thermoforming or CNC-based fabrication, were beyond the scope of the research and may
produce different experiential outcomes.

In addition, participants demonstrated varying levels of tactile map familiarity, Braille
literacy, and navigation experience, which may have influenced perception and wayfinding
performance. Because the study adopted an exploratory mixed-methods design with
descriptive analysis, the findings should be interpreted as experience-based and contextual
rather than statistically generalizable.

Future research may benefit from larger and more diverse participant groups, cross-
cultural comparisons, and the integration of interactive or digital tactile technologies.
Further studies conducted across different urban and institutional environments may
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also contribute to a broader understanding of how tactile cartographic systems support
independent mobility and spatial cognition in everyday navigation contexts.

The study was conducted within a single campus environment to ensure participant
safety and experimental control. While this context provided a realistic and secure setting, it
limits generalizability to other spatial configurations. Additionally, participants represented
diverse levels of prior tactile map experience, visual impairment conditions, and navigation
familiarity, which strengthened the study by allowing the evaluation of tactile map usability
across a heterogeneous user group. The consistency of participant responses despite these
differences suggests that the findings may reflect broader experiential patterns rather than
highly individualized perceptions.

The production of tactile maps is subject to several physical and technical constraints
that influence their usability and design. In particular, the maximum printable size is limited
by printer dimensions and material characteristics, which may require large environments
to be represented across multiple map sections. Such segmentation can interrupt spatial
continuity and introduce tactile seams that users may mistakenly interpret as actual spatial
features. In addition, large-format tactile maps are generally less portable, reducing their
practicality for use during active navigation and independent mobility tasks.

Another important consideration is the balance between readability and spatial de-
tail. As map size decreases, stronger cartographic generalization becomes necessary to
preserve tactile distinguishability and prevent perceptual overload. This often requires the
removal or simplification of secondary spatial features while retaining essential navigation
information. Furthermore, updating tactile maps in response to environmental changes
may require partial or complete reproduction, increasing production effort and reducing
long-term flexibility. These challenges affect both embossed and 3D-printed tactile maps,
although some constraints, such as segmentation and tactile seams, are particularly relevant
to large-scale 3D-printed productions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijgi15070326/s1, Table S1: Survey questions for this research paper.
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