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Abstract

This paper presents a comprehensive methodology for developing contemporary 3D relief maps and models by
integrating photogrammetric and cartographic techniques. The study addresses the growing gap between traditional
physical relief maps and modern digital learning environments. Many existing relief models are physically degraded,
pedagogically outdated, or inaccessible, particularly for visually impaired learners.

The proposed workflow combines inventory and analytical assessment of existing relief maps, acquisition of high-quality
spatial data, photogrammetric reconstruction, cartographic interpretation, and preparation for physical reproduction
using additive manufacturing and CNC technologies. The methodology emphasizes geometric accuracy, scale
compatibility, tactile readability, and pedagogical effectiveness. In addition to physical prototypes, interactive digital
models are developed and integrated into GIS environments, along with supplementary digital content via QR codes.
The research contributes to both technological innovation and cultural heritage preservation by transforming traditional
relief maps into hybrid educational tools that combine physical form, digital augmentation, and inclusive design
principles. Pilot testing in real educational settings demonstrates the potential of 3D relief models to enhance spatial
cognition, tactile perception, and learner engagement.
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INTRODUCTION

The representation of the Earth's surface has always been important to geographic knowledge, territorial identity, and
spatial decision-making. Among the cartographic forms developed over centuries, relief maps and three-dimensional
terrain models occupy a distinctive position. Unlike conventional two-dimensional maps, relief models translate abstract
topographic information into tangible form, enabling users to perceive eclevation, slope, and geomorphological
relationships directly through vision and touch, greatly enhancing the interpretability of terrain morphology (Imhof,
1982).

The integration of photogrammetry and cartography into contemporary educational practice offers an opportunity to
design learning experiences that are both inclusive and hybrid. As digital tools for capturing and visualizing spatial data
become increasingly accessible, educators can develop 3D relief maps that meet diverse learning needs and encourage
active participation, in line with the principles of Universal Design for Learning (UDL).

In educational contexts, physical relief maps have supported the development of spatial thinking, mental rotation ability,
and topographic understanding — core components of spatial knowledge (Montello, 2001). However, with the
development of digital technologies such as geographic information systems (GIS) and interactive web maps, traditional
relief maps have been increasingly marginalized in educational settings (Goodchild, 2007). Although digital 3D
visualizations are powerful, they are typically screen-based and lack tactile interaction, which is particularly important
for early learners and those with visual impairments (Lobben, 2015). Many older educational relief maps — made from
materials such as plaster and resin — are now physically degraded and are often stored without proper documentation or
preservation strategies. This poses both pedagogical and cultural challenges, as these artifacts represent cartographic
heritage and educational memory.
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Simultaneously, a large portion of educational relief maps produced during the second half of the twentieth century is
now physically degraded. Constructed from plaster, cement, resin, or early plastics, these artifacts often exhibit
mechanical damage, surface erosion, color fading, or structural instability. In many cases, they are stored without
systematic documentation or a conservation strategy. This situation presents not only a pedagogical problem but also a
cultural one: relief maps represent a specific material expression of cartographic heritage and educational memory. They
embody the historical cartographic conventions, national territorial representation, and pedagogical education of their
time — the lack of systematic digital preservation risks irreversible loss of this material heritage. At the same time, rapid
advances in digital photogrammetry and 3D reconstruction have significantly expanded the possibilities for accurate
spatial documentation. Image-based modeling techniques, particularly Structure-from-Motion (SfM), allow high-
resolution three-dimensional reconstruction of objects and surfaces using overlapping photographic datasets (Remondino
& El-Hakim, 2006; Westoby et al., 2012). Such methods are increasingly applied in cultural heritage preservation,
archaeology, and architectural documentation. Their application to educational relief maps, however, remains
insufficiently explored.

In parallel with this development, additive manufacturing technologies, particularly 3D printing, have become more
accessible and cost-effective, enabling rapid prototyping and customization of objects with high geometric precision (Ford
& Minshall, 2019). When integrated with geospatial datasets and cartographic design principles, these technologies offer
the opportunity to modernize tangible relief models in education. Despite these technological advances, there is currently
no integrated methodological framework that links photogrammetric documentation, cartographic interpretation, 3D
modeling optimization, tactile adaptation, and pedagogical validation. Existing research, in many cases, considers these
aspects in isolation rather than as a common workflow for using relief maps as educational and cultural artifacts.

This study aims to fill this gap by proposing an interdisciplinary methodology for revitalizing educational relief maps. It
combines photogrammetric reconstruction, GIS verification, principles of cartographic generalization (ICA, 2019), and
additive manufacturing to create hybrid models that merge physical and digital dimensions. This methodology goes
beyond the technical reproduction of land relief to include pedagogical analysis and validation in real educational settings.
The central hypothesis is that integrating modern geospatial technologies with traditional relief representations can lead
to innovative 3D educational tools that enhance spatial perception, improve accessibility, and preserve cartographic
heritage. By connecting cultural heritage conservation with modern geospatial innovation technologies, this study
highlights that relief maps remain valuable tools in contemporary education.

SCIENTIFIC BACKGROUND
Cartographic Relief Representation and Physical Terrain Models

Relief representation plays a central role in cartography, serving as a bridge between abstract spatial data and human
perception (Imhof, 1982). Multiple methods exist for representing relief, including hillshading, spot heights, and contour
lines, often combined with hypsometric coloring. In practice, these techniques are rarely applied in isolation; instead, they
are integrated to achieve more effective and realistic visualizations. According to Drachal and Debowska (2014), modern
cartography increasingly emphasizes realistic terrain depiction through the combination of multiple techniques. Three-
dimensional representations, in particular, enhance visual clarity and improve the understanding of geomorphological
structures, supporting cognitive mapping processes (Montello, 2001). They clearly define terrain structure and provide
an intuitive sense of relative elevation. Physical relief maps offer an especially accessible form of representation. Unlike
abstract contour-based maps, they allow users to perceive terrain directly through visual and tactile interaction. This
makes them highly effective tools for geographic education and communication (Caldwell, 2001). The terrain's structural
lines are clearly defined, giving a straightforward sense of the relative heights of landforms. Physical relief maps provide
intuitive, three-dimensional representations of landscapes that are easy to understand without requiring interpretation of
abstract map symbols, such as contours. Their tactile and interactive nature allows users to engage directly with features
like mountains and rivers, making them a popular tool for geographic visualization (Caldwell, 2001).

Research in tactile cartography demonstrates the importance of relief-based models for visually impaired users,
emphasizing the need for optimized height exaggeration and texture differentiation (Lobben, 2015). Beyond selecting
suitable mapping techniques, vertical scaling plays a key role in how the terrain is interpreted. Careful selection of the
vertical scale is crucial when creating relief maps: a scale that is too small can make landforms difficult to distinguish,
while one that is too large can exaggerate terrain and distort perception. Hypsometric coloring is often applied to enhance
terrain readability, using colors traditionally associated with different elevations. It is also important to choose which
objects to represent at a given scale to avoid clutter. Additionally, label placement must be carefully considered to ensure
readability against the relief background. Building on these cartographic aspects, a range of methods can be used to
construct physical relief maps for educational purposes.



There are various techniques for creating outdoor relief maps. A handmade relief map or model can be created by
transferring contour lines onto wallboard, cutting and assembling them into a rough terrain structure, and refining the
form with plaster to produce a detailed original model. A mold is then formed around this model, allowing multiple
accurate plaster reproductions to be cast (Raber, 2006).

In the past, outdoor relief maps of Bulgaria were handcrafted by enthusiasts, mainly teachers and students. Relief models
have traditionally been used as educational tools in schools, helping students better understand terrain and geographic
features. During the 1960s and 1970s in Bulgaria, schools widely installed outdoor relief maps for educational purposes.
One of the earliest such maps, created in 1962, is located in the town of Dryanovo. The map measures 6.90 m by 4.30 m
and is made of cement, with a horizontal scale of 1:100 000. Other well-known outdoor relief maps can be found in the
cities of Stara Zagora, Sandanski, and the village of Golyamo Krushevo. Similar maps were created in many settlements
across Bulgaria, in schoolyards, public parks, and gardens. The construction of these maps was initiated by local teachers,
with active participation from students. These models allow students to explore mountain ranges, river systems, and major
landforms through visual and tactile interaction. Some of these maps have been restored and maintained, while others
have been created recently to support secondary school education; however, many are still deteriorating or remain
undocumented (Figure 1). This study aims to collect data on the production of these maps and to propose modern methods
for their creation.

Many handmade relief maps ultimately become works of art, making them highly valuable. Despite the historical
importance of raised relief maps in Bulgarian geographic education, there is currently no comprehensive inventory of
existing relief maps in the country. Documenting these maps using modern technologies would not only preserve
cartographic heritage but also advance contemporary methodologies for creating accessible, effective relief maps for
educational purposes.
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Figure 1. Handmade relief maps of Bulgaria in Golyamo Krushevo village, author: Stoyan Statirov (a), Dryanovo town,
author: Bonka Tihova and her students (b)

Photogrammetry and 3D reconstruction

Modern photogrammetry enables high-precision 3D reconstruction of objects and surfaces through image-based modeling
techniques (Remondino & El-Hakim, 2006). Structure-from-Motion (SfM) workflows have significantly expanded access
to 3D documentation in cultural heritage applications (Westoby et al., 2012). Photogrammetric software such as Agisoft
Metashape and RealityCapture allows the generation of dense point clouds, digital surface models, and textured meshes
suitable for further cartographic processing.

3D Printing and Additive Manufacturing in Education

Additive manufacturing technologies have increasingly been used in educational environments to create tangible learning
materials (Ford & Minshall, 2019). 3D printing supports rapid prototyping, customization, and replication of terrain
models at various scales. The integration of 3D printing with cartographic data introduces new possibilities for hybrid
physical-digital educational tools (Buehler et al., 2016).



METHODOLOGY

The proposed methodology follows a structured research cycle integrating documentation, reconstruction, cartographic
interpretation, physical production, and pedagogical validation. In this study, the methodological framework is
implemented through two complementary acquisition approaches applied to an educational relief map: close-range image-
based photogrammetry; and hybrid handheld 3D scanning, as depicted in Figure 2. The former is used to document the
full extent of the map and to obtain a metrically controlled digital representation of the relief, while the latter is considered
as a complementary high-resolution technology for acquiring close-range data on local landforms and surface texture.
The object under investigation is illustrated in the first image of Figure la.
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Figure 2. Scheme of sequential processes of the proposed methodology for creating 3D relief models

Inventory and Analytical Assessment

The first stage involves identifying and classifying existing relief maps, documenting materials, scale, and condition, and
evaluating cartographic content. The analysis applies principles of cartographic generalization and scale theory (ICA,
2019). The investigated object is a physical educational relief map with a surveyed footprint of approximately 2.91 m?.
The analytical assessment considered the geometric extent of the model, the condition of the raised terrain surface, the
readability of the planimetric content, local edge defects, and the presence of marginal labels and auxiliary information
outside the main mapped field. This preliminary inspection was necessary for selecting the capture geometry, the local
control configuration, and the subsequent strategy for cartographic generalization and educational reproduction.

Spatial Data Acquisition

High-quality spatial data are obtained through:



e  Structured photogrammetric image capture;
e Digital terrain models (DTMs);

e  Orthophotography;

e  GIS datasets.

Proper image overlap and calibration ensure reliable 3D reconstruction (Remondino & El-Hakim, 2006). For the
photogrammetric survey, 177 overlapping images were acquired with a Sony ILCE-7RM4A camera equipped with a 24
mm lens (image size 9504 x 6336 pixels; pixel size 3.79 um X 3.79 um). The mean camera-to-object distance was
approximately 0.987 m, resulting in a ground resolution of 0.156 mm/pix over a coverage area of 2.91 m?. For the hybrid
scanning branch, a handheld EinScan H system was considered. The device integrates structured LED light, invisible
infrared light, and a built-in 5 MP colour camera. Prior to scanning, metric and white-balance calibration were performed
using the dedicated calibration board, and the relief map was scanned in White Light Mode under short-range conditions.

Photogrammetric Processing
Using Agisoft Metashape and RealityCapture, the workflow includes:

e Image alignment and camera calibration;
e Dense point cloud generation;

e Mesh reconstruction;

e  Texture mapping;

e  Export of digital terrain surfaces.

Geometric accuracy is assessed through comparative measurements and scale validation. The photogrammetric
processing in Agisoft Metashape produced 177 aligned cameras, 20,493 tie points, and 264,478 image projections. The
RMS reprojection error was 0.2647 in image coordinates, corresponding to 3.02 pixels. The control configuration
comprised 20 markers and 15 scale bars in a local metric coordinate system, and the cumulative scale-bar adjustment
indicator reported by the software was 0.0019939 m. The dense reconstruction yielded 36,641,497 points, from which a
mesh with 512,557 faces and 257,441 vertices was generated, together with a DEM of 6785 x 4794 cells and an
orthomosaic of 13,570 x 9,588 pixels.

3D Modeling and Optimization
Post-processing and optimization are performed in Blender, including:

e Noise reduction;
e  Mesh correction;
e  Scale adaptation;
e  Segmentation for printing.

This phase ensures manufacturability while preserving terrain morphology. In the scanner-based approach, the raw scans
were registered and meshed within the dedicated EXScan H environment, followed by texture enhancement through
Texture Mapper. This workflow is particularly suitable for educational relief maps because it provides direct feedback
during acquisition and preserves fine local relief morphology without requiring a complete image-matching stage. A
validation experiment for the same hybrid scanning technology reports a Bessel standard error of mc = 0.2 mm, computed
from 22 control distances measured with a caliper, which indicates sub-millimetre metric capability for small-scale relief
details.

Cartographic Integration

Cartographic elements—contours, hydrography, settlements, and labels—are integrated into 3D surfaces. The process
follows cartographic design principles for clarity and readability (Imhof, 1982; BCA, 2025). The cartographic integration
stage relied on the textured photogrammetric model, the derived DEM, and the orthomosaic as complementary
interpretative layers. Within the processing project, 149 line features were available to structure the map content and
guide the extraction of cartographically meaningful elements. In practical terms, the combined dataset enables the
controlled transfer of contours, hydrographic lines, settlement symbols, and toponyms onto a simplified educational 3D
surface, while preserving tactile legibility and scale-dependent generalization.



Preparation for Additive Manufacturing
Models are prepared for 3D printing using PLA and ABS materials. Experimental tests evaluate:

e  Scale ratios;

e  Height exaggeration;
e Tactile readability;

e  Structural stability.

The production phase adheres to best practices in additive manufacturing for educational tools (Ford & Minshall, 2019).

For additive reproduction, the two datasets provide different but complementary advantages. The photogrammetric branch
delivers complete areal coverage and a metrically consistent terrain surface for scaling and resampling. In contrast, the
hybrid handheld scanner is advantageous for capturing sharply expressed local forms and for checking the preservation
of fine embossed details before fabrication. On this basis, a comparative summary (Table 1) is recommended for insertion
in the manuscript.

Table 1. Selected quantitative results from the two 3D digitization workflows applied to the educational relief map.

Parameter Photogrammetric survey Hybrid handheld scanning

Acquisition principle Overlapping RGB imagery; close-range | Structured LED light + infrared light +

StM workflow integrated colour camera
Main setu 177 images; Sony ILCE-7RM4A; 24 EinScan H; White Light Mode; board
ain setup mm lens; mean distance 0.987 m calibration + white-balance calibration
. . Ground resolution 0.156 mm/pix; 20 22 control distances for system validation;
Spatial detail / control ) .
markers; 15 scale bars caliper-based reference measurements

RMS reprojection error 3.02 pix; scale-
bar adjustment indicator 0.0019939 m

36,641,497 points; 512,557 faces; DEM

Accuracy indicator Bessel standard error me = 0.2 mm

Textured mesh with direct short-range

3D output 6785 x 4794; orthomosaic 13,570 x oy
measurement capability
9,588
Role in relief-map Full-surface documentation and terrain | Fine-detail capture and local metric
production derivation verification

Note: the hybrid scanner accuracy value summarizes the validation of the same handheld scanning system reported in the accompanying scanner study.
INCLUSIVE AND HYBRID EDUCATIONAL DESIGN
The methodology includes the development of tactile adaptations incorporating:

e Height exaggeration optimized for perception;

Braille labeling;

Textural differentiation;

QR codes linking to digital GIS environments.

This educational model focuses on photogrammetric technology to produce accurate 3D models from photographs.
Combined with traditional cartographic methods, it allows students to explore terrain relief, scale, and spatial relationships
in tactile and visually engaging ways. To promote accessibility, it is essential to guide on modifying 3D models for
different abilities, such as tactile enhancements. Creating a 3D relief map becomes a collaborative process that takes into
account different learning preferences, supporting both tactile 3D outputs for visually impaired learners and interactive
digital models for others. Creating a 3D relief map becomes a collaborative, inquiry-oriented process that considers
different learning preferences. Tactile 3D outputs support visually impaired learners, while digital models allow others to
process and analyze spatial data.

Hybrid learning enhances engagement by combining live activities with digital platforms for remote collaboration and
assessment. Students can capture images using mobile devices, process data in cloud-based software, and enhance map
layers using accessible GIS tools. Classroom work can focus on interpreting 3D models and constructing physical maps



through 3D printing or manual methods, enhancing understanding of land features in a variety of ways. This inclusive
framework enables students to acquire geospatial knowledge while developing technical literacy, spatial reasoning, and
collaborative problem-solving. By bringing together photogrammetry and cartography within a well-structured
pedagogical approach, new opportunities for participation and innovation in the spatial representation of Earth's surface
are opened.

Creating 3D relief maps that integrate photogrammetry, cartographic principles, and sensory accessibility turns maps into
interactive learning tools. Accurate digital terrain models are essential, and cartographic summarization enhances the data
for greater clarity. Elevation exaggeration helps both sighted and blind learners by highlighting terrain features. Creating
an accurate digital terrain model is essential because it captures terrain geometry with high precision. Cartographic
summarization enhances this data for a physical representation, while reasonable elevation exaggeration improves clarity
for all learners. Tactile models use different textures for different land features, with braille labels providing important
information without cluttering the tactile perception of the created 3D model.

Hybrid learning is further facilitated by QR codes that link physical models to digital GIS environments, enabling a
seamless transition between hands-on exploration and digital analysis. This integration allows students to engage in
hands-on exercises and explore digital content, supporting differentiated instruction for different learning styles. This
inclusive design not only democratizes geographic knowledge but also exemplifies best practices in contemporary
learning approaches. By combining geospatial technologies with multisensory communication, the 3D relief map enables
all learners to fully participate in spatial understanding and the perception of relief.

This hybrid approach combines the technical precision of 3D relief model development with a human-centered pedagogy,
starting with photogrammetric documentation and ensuring clarity in cartographic interpretation. Both technical standards
and diverse learning objectives guide decisions on scale, symbolism, and feature selection during development.

Such hybridization aligns with universal design principles and supports inclusive education (Lobben, 2015).

EXPERIMENTAL VALIDATION

Based on the good practices (Andryukhina et al., 2018; Araujo et al., 2020; Tucci et al., 2020; Ribeiro et al., 2025), we
suggest a validation framework to ensure the transition from geographic data to a physical 3D relief map is technically
accurate, tactilely legible, and educationally effective (Figure 3). It consists of several steps, including:

1. Validation goals and hypotheses
The primary objective is to transform the design process into an evidence-based methodology.
Technical Validity: The digital reconstruction must maintain a high level of fidelity. Hypothesis: The 3D model will
maintain a vertical RMSE of less than 5% relative to the source DEM.
Tactile Usability: Features must be discernible by touch. Hypothesis: Blind/low-vision (BLV) users will correctly identify
90% of key landform symbols within 30 seconds.
Pedagogical Effectiveness: The map must improve spatial cognition. Hypothesis: Students using the 3D relief map will
score significantly higher on elevation interpretation tasks than those using 2D tactile maps.

2. Technical pipeline validation
The workflow begins with rigorous accuracy checks, comparing photogrammetric outputs against reference survey points
to compute vertical and horizontal errors. Expert cartographic reviews follow, focusing on generalization; experts ensure
that complex landforms are simplified enough for tactile clarity without losing geographic truth. Finally, 3D modeling
optimization tests the physical limits of the print, using test tiles to ensure that minimum feature sizes (e.g., narrow ridges)
survive the manufacturing process without merging.

3. Tactile design user study
To validate legibility, a study is conducted with BLV participants and a sighted/blindfolded control group.
Tasks: Participants perform feature identification (locating peaks/rivers), symbol discrimination (distinguishing textures),
and map comprehension (determining spatial relationships, such as upstream/downstream).
Measures: Success is measured through quantitative metrics (accuracy and time-to-task) and qualitative feedback
regarding tactile comfort and mental fatigue.

4. Pedagogical impact evaluation
A controlled study assesses the map's classroom utility. An experimental group (using the 3D map) and a control group
(using traditional 2D materials) undergo pre- and post-tests. These tests evaluate conceptual understanding of landforms
and spatial reasoning (e.g., planning a route to avoid steep slopes). Observation data tracks student engagement and
spontaneous use of the tactile surface to gauge the map's motivational value.

5. Expert review and integration
Validation includes a formal audit by accessibility specialists to ensure compliance with Braille standards (height/spacing)
and tactile contrast. Simultaneously, curriculum designers evaluate the map's alignment with educational standards and
its physical robustness for frequent classroom handling.

6. Quantitative and qualitative synthesis



Quantitative: Focuses on geometric accuracy, scale deformation, and the retention of detail from the digital model to the
printed prototype.
Qualitative: Synthesizes usability observations and expert assessments to evaluate "Spatial Cognition Enhancement."

7. Documentation and iteration
The process concludes with a Validation dossier that compiles all technical reports and user data. This documentation
establishes a reproducible design method, setting concrete guidelines for minimum relief heights and optimal feature
density for future tactile cartography projects.

Validation Framework for Evidence-Based Tactile Map Design
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Figure 3. General scheme of the experimental validation framework

IMPACT AND CONTRIBUTION
Contribution to Cultural Heritage Preservation

The project demonstrates how photogrammetric documentation can safeguard material cartographic heritage. The study
makes a significant contribution to cultural heritage preservation by addressing the risk of loss and degradation of
traditional educational relief maps. These maps are not only teaching tools but also material representations of
cartographic heritage, reflecting historical methods of geographic visualization and educational practice. Many existing
relief models, often made of plaster or early synthetic materials, are physically deteriorating and lack proper
documentation, threatening their long-term preservation.

The proposed methodology applies modern photogrammetric techniques, particularly image-based 3D reconstruction, to
digitally document and preserve these artifacts with high geometric accuracy (Remondino & El-Hakim, 2006; Westoby
et al., 2012). By converting physical maps into digital 3D models, the research ensures that their structural, geometric,
and cartographic characteristics are safeguarded for future generations. Furthermore, the integration of additive
manufacturing allows for the replication and restoration of damaged or lost relief maps, thus extending their lifecycle.
This dual approach—digital preservation and physical reproduction—transforms traditional relief maps into hybrid
heritage objects that combine historical value with modern usability. As emphasized in the paper, this process not only
conserves artifacts but also revitalizes them within contemporary educational and technological contexts.



Contribution to Geodesy and Cartography

The research extends the application of remote sensing and 3D modeling to small-scale educational artifacts, illustrating
the interdisciplinary potential of the geospatial sciences (Goodchild, 2007). The research contributes to geodesy and
cartography by advancing the integration of photogrammetry, GIS, and 3D modeling into a unified methodological
framework. It demonstrates how precise spatial data acquisition and processing techniques—such as Structure-from-
Motion (SfM), dense point cloud generation, and digital terrain modeling—can be applied to small-scale educational
objects with high accuracy (Remondino & El-Hakim, 2006; Goodchild, 2007).

From a geodetic perspective, the study emphasizes metric reliability through calibration, control points, and scale
validation, ensuring that reconstructed models maintain spatial accuracy. The reported results, including high-resolution
datasets and sub-millimeter precision from hybrid scanning, illustrate the scientific rigor of the approach.

In cartographic terms, the research applies principles of generalization, symbolization, and relief representation (Imhof,
1982) to transform raw spatial data into readable, pedagogically effective 3D models. The integration of contours,
hydrography, and settlements onto 3D surfaces demonstrates how traditional cartographic design can be adapted to
modern digital and physical formats.

Overall, the study expands the scope of geodesy and cartography by bridging large-scale geospatial technologies with
detailed object-level applications. It highlights the interdisciplinary potential of geospatial sciences and contributes to the
evolution of cartographic products from static representations to interactive, hybrid models.

Educational and Social Impact

This research has a significant educational and social impact by promoting inclusive and multisensory learning. The
developed 3D relief maps enhance spatial cognition through visual, tactile, and digital interactions, fostering skills in
terrain interpretation and spatial reasoning (Montello, 2001). These models improve spatial literacy and support inclusive
education, while also being scalable and transferable across international contexts.

A major contribution is the emphasis on accessibility, incorporating tactile features, texture differentiation, and Braille
labeling for visually impaired learners, in line with inclusive education and universal design principles (Lobben, 2015).
This approach makes geographic knowledge more equitable for diverse user groups.

The integration of digital components, such as GIS environments and QR-linked content, enriches the learning process
by connecting physical and virtual spaces. Students can participate in the full workflow—from data acquisition to model
creation—developing skills in photogrammetry, GIS, and 3D printing, as well as critical thinking and collaboration.

Socially, this method encourages community engagement, democratizes geospatial information, and raises awareness of
cultural heritage. Its scalability and transferability make it applicable in various educational and cultural contexts
worldwide.

CONCLUSION

The integration of photogrammetry, cartography, 3D modeling, and additive manufacturing provides a scientifically
grounded and technologically feasible framework for revitalizing educational relief maps. Designing 3D relief maps that
merge modern photogrammetric and cartographic principles with multisensory accessibility offers a powerful pathway
toward inclusive and hybrid education. By uniting tactile, visual, and digital modalities, such maps become more than
geographic representations—they become learning interfaces that support diverse cognitive styles, sensory needs, and
technological proficiencies. The core of this approach lies in treating the map not as a static object but as a multimodal
learning environment.

The developed methodology bridges cultural heritage preservation with contemporary geospatial technologies, producing
hybrid educational tools that enhance spatial cognition, inclusivity, and interactive learning. The results offer a
reproducible model applicable to educational institutions, museums, and cultural heritage organizations worldwide. From
a methodological perspective, the experimental results demonstrate that the educational relief map can be digitized
reliably using a dual workflow. The photogrammetric survey provided complete coverage of the object with a ground
resolution of 0.156 mm/pix and a dense point cloud of 36.6 million points, while the hybrid handheld scanner offers sub-
millimetre capability for local detail acquisition and control. This complementarity is particularly valuable for education,
because it supports both accurate cartographic generalization and the preservation of tactilely meaningful terrain forms
in the final physical or digital product.



Overall, this article highlights the intersection of cartography, photogrammetry, additive manufacturing, cultural heritage
research, and educational science, demonstrating that their synergy can lead to effective and inclusive educational
outcomes while developing spatial knowledge.

Funding: This research study under contract No. BH-337/2026 is financially supported by the Center for Scientific
Research and Design (CSRD) at University of Architecture, Civil Engineering and Geodesy.
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