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Abstract

Three-dimensional scanning, additive manufacturing, and extended reality are now widely
used in digital heritage, but they are often discussed as separate technical tools rather
than as parts of a user-facing workflow. This review approaches them from the standpoint
of user experience, asking how digital capture, model preparation, physical replication,
immersive interpretation, and hybrid access affect the way heritage content is understood,
used, and trusted. The paper develops a critical narrative discussion of recent work and
design practices, without adopting a systematic review protocol. Particular attention
is given to educational use, museum interpretation, accessibility, tactile interaction, XR
navigation, perceived authenticity, and the evaluation of user experience. The discussion
indicates that UX is shaped before the final interface appears: incomplete capture, opaque
model editing, poorly readable replicas, or confusing XR layers can all weaken the cultural
value of an otherwise advanced system. Recurring barriers include technical complexity,
interoperability problems, limited staff training, institutional constraints, accessibility gaps,
and uncertainty around automated reconstruction. The review argues that automated
digital heritage workflows should be planned as human-centered systems, where efficiency
is balanced with usability, inclusion, transparent interpretation, and user-based evaluation.

Keywords: digital heritage; user experience; 3D scanning; additive manufacturing;
extended reality; cultural heritage; accessibility; inclusive design; tactile replicas; human-
centered workflows; automated workflows; museum technologies

1. Introduction

Digital technologies have become increasingly important in the ways cultural heritage
is documented, interpreted, taught, and experienced. Three-dimensional digitization, ad-
ditive manufacturing, virtual museums, mixed reality, augmented reality, and extended
reality environments now allow heritage objects and sites to be accessed beyond the physi-
cal limits of the museum, archive, classroom, or archaeological location [1-4]. This shift
is not limited to the creation of attractive digital representations. It also reflects a broader
change in how cultural information is produced, mediated, reused, and encountered by
different audiences, including students, educators, museum visitors, cultural professionals,
remote users, and people with disabilities [5-7].

Within this context, 3D scanning and photogrammetry provide the basis for the
creation of accurate digital models of cultural objects, monuments, and spaces. These
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models can then be processed, archived, visualized, fabricated, or embedded into interactive
environments [8,9]. Additive manufacturing adds a further layer to this workflow by
translating selected digital models into physical replicas, scaled objects, tactile supports,
or educational resources [10,11]. Extended reality technologies, including virtual reality,
augmented reality, and mixed reality, can enrich this process by placing digital models
inside immersive, contextual, or narrative environments [12-14]. As a result, digital heritage
is increasingly shaped by combined workflows rather than isolated tools.

However, the effectiveness of such workflows cannot be assessed only through tech-
nical criteria such as geometric accuracy, visual realism, software capability, or hardware
performance. These criteria remain essential, but they do not fully explain whether a digital
heritage system is useful, understandable, accessible, or meaningful for its users. A highly
detailed 3D model may have limited educational value if users cannot interpret it easily.
An immersive XR application may attract attention but still produce cognitive overload,
discomfort, or superficial engagement. Similarly, a 3D-printed replica may be physically
accurate but insufficiently readable through touch if scale, texture, contrast, and handling
conditions are not carefully considered [15-17]. For this reason, user experience has become
a central issue in the design and evaluation of digital cultural applications.

User experience in digital heritage includes several interconnected dimensions. Usability
concerns whether users can understand and operate a system without unnecessary effort.
Accessibility concerns whether people with different abilities, sensory profiles, ages, or levels
of digital familiarity can participate meaningfully. Engagement relates to attention, emotional
involvement, curiosity, and willingness to continue interacting with the content. Cognitive
load concerns the mental effort required to understand the information provided. Perceived
authenticity refers to the extent to which users trust and accept digital reconstructions, replicas,
and immersive representations as meaningful cultural mediations rather than as purely
artificial substitutes [18,19]. These issues are especially important in educational and museum
environments, where the objective is not only to display information, but also to support
learning, interpretation, inclusion, and cultural participation.

Automation and semi-automation add another important dimension to this discussion.
In many digital heritage workflows, automation appears in scan alignment, mesh repair,
model simplification, metadata handling, digital archiving, slicing for 3D printing, XR
asset preparation, navigation systems, interactive guidance, personalization, and feedback
collection. These processes can reduce workload, improve repeatability, and make digital
heritage production more scalable. At the same time, automation may introduce new risks
if it prioritizes speed or technical standardization over interpretive quality, accessibility,
and user needs. In heritage contexts, the question is therefore not simply how much of the
workflow can be automated, but how automation can support human-centered access to
cultural content [20].

This review examines automated and semi-automated digital heritage workflows from
a user-experience perspective. The focus is placed on the integration of 3D scanning, digital
model processing, additive manufacturing, and XR technologies for inclusive educational
and cultural access. Educational use is considered here as one application context of digital
heritage workflows, rather than as a separate review of imaging technologies for education
or of digital pedagogy. The manuscript does not approach these technologies primarily
as conservation tools, nor does it focus on surface degradation, coatings, or restoration
practices. Instead, it considers them as parts of a user-facing system in which digital and
physical outputs are designed, interpreted, and evaluated through human interaction.

The paper is conceived as a critical review article. It does not aim to provide a protocol-
driven systematic mapping of the literature, a PRISMA-based review, or a bibliometric
analysis. Rather, it brings together recent studies and concepts that are directly relevant to
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the design, implementation, and evaluation of user-centered digital heritage workflows.
Particular attention is given to different user groups, including students, educators, mu-
seum visitors, cultural heritage professionals, remote audiences, and visually impaired
users. By placing user experience at the center of the discussion, the review seeks to clarify
how automation, digital fabrication, and immersive technologies can contribute not only
to the reproduction or visualization of heritage, but also to more inclusive, usable, and
meaningful forms of cultural engagement.

To make this critical review approach transparent, the literature was selected through
an iterative and thematic search of publications related to digital heritage workflows, 3D
digitization, additive manufacturing, XR technologies, museum interaction, accessibility,
human-centered design, and UX evaluation. The search covered major academic databases
and publisher platforms, including Scopus, Web of Science, Google Scholar, ScienceDirect,
IEEE Xplore, ACM Digital Library, SpringerLink, and MDPI journals. Search terms included
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combinations of “digital heritage”, “cultural heritage”, “3D scanning”, “photogramme-

v /7 V7

try”, “3D model processing”, “additive manufacturing”, “3D printing”, “extended reality”,

7 v v o

“virtual reality”, “augmented reality”, “museum user experience”, “accessibility”, “inclu-
sive design”, “tactile replicas”, “human-centered design”, “human—computer interaction”,
and “automated workflows”. The literature search covered publications available up
to July 2026, with the final search and reference-list update performed during the revi-
sion stage in July 2026. Priority was given to recent peer-reviewed literature, especially
studies published from 2020 onward, while earlier sources were considered when they pro-
vided useful conceptual or methodological background. The final reference set comprised
255 sources selected for their relevance to the review themes. Sources were included when
they contributed directly to at least one of the main themes of the review, namely inte-
grated digital heritage workflows, user groups and accessibility needs, UX implications
of 3D scanning, model preparation, additive manufacturing or XR, evaluation methods,
implementation barriers, and future directions for human-centered automation. Sources
were excluded when they focused only on technical metrology, conservation chemistry,
material degradation, or imaging performance without a clear connection to user-facing
heritage applications, accessibility, interaction, or workflow design.

The present review also reflects the authors’ broader research background in digital
heritage documentation, additive manufacturing, 3D imaging, and the translation of digital
models into physical or interactive outputs. This background supports the perspective
adopted in the present article, where 3D capture, model preparation, fabrication, and
immersive or hybrid interaction are examined not only as technical operations, but also as
stages that influence accessibility, interpretation, and user experience.

The novelty of this work does not lie in treating 3D digitization, additive manufac-
turing, XR, accessibility, or user experience as separate research areas, since each of these
topics has already been discussed in previous digital heritage studies. Instead, the novelty
lies in connecting them within a single workflow-oriented UX perspective. Compared
with technology-centered surveys that mainly emphasize capture accuracy, reconstruction
methods, visualization tools, fabrication processes, or immersive applications, the present
review examines how decisions made at each stage of the workflow affect downstream user
experience. It therefore extends prior conceptual discussions by linking technical stages
with user groups, accessibility requirements, evaluation dimensions, institutional barriers,
and implementation needs. This approach shifts the focus from what each technology
can produce individually to how combined digital and physical heritage workflows can
become understandable, inclusive, trustworthy, and usable in real educational, museum,
and cultural-access contexts.
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On this basis, the contribution of the paper is threefold. First, it frames 3D scanning,
additive manufacturing, and XR as interconnected stages of an automated digital heritage
workflow rather than as separate technological applications. Second, it identifies the main
user-experience requirements that should guide the design of such workflows, including
usability, accessibility, cognitive load, engagement, interaction quality, and perceived
authenticity. Third, it discusses evaluation approaches and future directions for digital
heritage systems that are not only technically advanced, but also educationally useful,
socially inclusive, and responsive to real user needs.

2. Digital Heritage Workflows as Human-Centered Automated Systems

Digital heritage applications are increasingly moving from single-purpose tools to-
ward integrated workflows in which capture, processing, visualization, fabrication, dis-
semination, and user interaction are connected within a broader digital system. In earlier
applications, 3D scanning, photogrammetry, virtual reality, augmented reality, or 3D print-
ing were often presented as separate technological solutions. More recent approaches,
however, tend to treat these tools as complementary stages of a larger process, where data
acquired from heritage objects or spaces can be cleaned, structured, reused, transformed
into physical or digital outputs, and finally experienced by different user groups [21,22].
This shift is important because it changes the main design question. The issue is no longer
only whether a technology can produce an accurate model, an immersive environment,
or a printable file, but whether the complete workflow can support meaningful cultural
interpretation, institutional use, educational value, and accessible interaction [23]. From
this perspective, digital heritage workflows can be understood as human-centered au-
tomated or semi-automated systems. They include technical operations, such as scan
alignment, model optimization, file conversion, digital archiving, XR asset preparation, and
additive manufacturing preparation, but these operations ultimately serve public-facing or
professional-facing forms of use. Automation can therefore improve efficiency, repeatability,
and scalability, yet it should not remove the need for interpretation, curatorial judgment,
pedagogical design, or accessibility planning. In cultural heritage, the value of automation
depends on how well it supports human understanding rather than how much manual
work it eliminates [24,25].

2.1. From Isolated Technologies to Integrated Workflows

The growing use of 3D digitization in cultural heritage has created a wide range of
digital assets, including point clouds, polygon meshes, textured models, virtual scenes,
digital twins, and interactive environments. These outputs are valuable in themselves,
but their practical impact depends on how they are inserted into a coherent workflow. A
3D model may initially be produced for documentation, yet the same dataset can later
support educational visualization, replica fabrication, XR interpretation, remote access, or
inclusion-oriented museum activities [26,27]. In this sense, the digital object should not be
treated as the final result of the process, but as a reusable resource that can move across
different stages of interpretation, dissemination, and interaction.

This shift from isolated tools to integrated workflows is particularly important because
cultural heritage institutions often need to serve multiple objectives at once. Documenta-
tion, preservation, education, accessibility, public communication, and visitor engagement
are rarely separate concerns in practice. A model generated through photogrammetry or
structured-light scanning may therefore need to be simplified for web use, adapted for real-
time rendering, converted into a printable file, or linked with metadata and interpretive
material. The workflow becomes more valuable when these possible uses are consid-
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ered early, instead of being treated as unrelated outputs developed after the digitization
stage [28].

An integrated digital heritage workflow usually begins with the selection of an object,
site, or collection. It then moves through image- or sensor-based capture, data processing,
correction, optimization, and preparation for one or more dissemination formats. Depend-
ing on the intended use, the processed digital asset may be archived, visualized online,
imported into an XR environment, fabricated through additive manufacturing, or combined
with audio, textual, or interactive content [29]. This process is rarely fully automatic, but it
increasingly includes semi-automated operations that reduce repetitive work and improve
the consistency of the final outputs.

The central issue is that different outputs require different design decisions. A model
intended for expert documentation may need to preserve technical detail, while a model
intended for public interpretation may need simplification, explanatory framing, or visual
enhancement. A model prepared for tactile exploration may require changes in scale,
thickness, relief, and surface emphasis. A model used in XR may require polygon reduction,
texture optimization, and interaction design in order to remain usable and comfortable.
Therefore, integration does not mean that a single digital file can automatically serve every
purpose. Rather, it means that the workflow should anticipate different user scenarios and
prepare digital assets in ways that remain flexible, traceable, and meaningful [30].

From a user-experience perspective, this is a crucial distinction. A technically success-
ful digitization workflow may still fail if its outputs are difficult to reuse, inaccessible to
non-experts, uncomfortable in immersive environments, or poorly aligned with educational
needs. Integrated workflows should therefore be evaluated not only by the quality of the
captured data, but also by their capacity to support interpretation, interaction, accessibility,
and institutional adoption.

2.2. Automation and Semi-Automation in Digital Heritage Pipelines

Automation in digital heritage should not be understood as the complete replacement
of human expertise. In most cultural heritage applications, automation appears in selected
parts of a broader process that remains supervised by researchers, designers, educators,
museum professionals, or technical staff. Examples include automatic image alignment in
photogrammetry, point-cloud registration, mesh generation, hole filling, texture mapping,
file conversion, metadata organization, slicing for additive manufacturing, and preparation
of optimized assets for XR environments [31,32]. These operations can reduce the burden of
repetitive technical work and make digital heritage workflows more feasible for institutions
that do not have large specialized teams.

Recent developments in artificial intelligence are also expanding the scope of automa-
tion in digital heritage workflows. Generative Al, machine learning, computer vision, and
natural-language processing can support tasks such as automated semantic annotation, object
classification, metadata enrichment, reconstruction assistance, multilingual interpretation,
adaptive storytelling, and personalized user guidance. Intelligent virtual assistants may
also help visitors navigate digital collections, ask questions about objects, or receive context-
sensitive explanations during web-based, mobile, or XR experiences. In addition, Al-driven
personalization can adapt the level of detail, language, interaction pace, or accessibility sup-
port according to different user profiles. However, these possibilities also introduce important
risks. Al-generated descriptions, reconstructions, or interpretive layers may contain errors,
bias, unsupported assumptions, or unclear provenance. For this reason, Al-assisted digital
heritage workflows require human oversight, documentation of automated decisions, trans-
parency about reconstructed or inferred content, and careful evaluation of how Al-mediated
interpretation affects user trust, accessibility, and cultural meaning.
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Semi-automation is especially useful when the workflow has to deal with several
outputs from the same original dataset. A captured object may need to be transformed into
a high-detail archive model, a lightweight web model, a printable replica, and an XR-ready
asset. Without some degree of automation, this process can become time-consuming and
difficult to repeat. Automated or semi-automated processing can support more consistent
results, reduce manual errors, and allow institutions to create digital heritage resources at a
larger scale [33].

However, automation also introduces risks. Automated processing tools may remove
details that are meaningful for interpretation, introduce geometric distortions, over-smooth
surfaces, generate inaccurate textures, or produce files that are technically valid but un-
suitable for specific user groups. For example, an algorithmically simplified model may
perform well in a real-time XR environment but lose features that help users understand
the object. Similarly, an automatically repaired mesh may be printable, but the repair may
reconstruct missing areas in ways that are not historically or visually justified. In these
cases, automation improves workflow efficiency but may weaken cultural or educational
meaning [34].

For this reason, automation in digital heritage should be treated as a controlled process
rather than as an unquestioned advantage. Human review remains necessary at key points,
especially when decisions affect interpretation, accessibility, authenticity, or user interaction.
A semi-automated workflow may therefore include several checkpoints: acquisition quality
control, model inspection, output-specific optimization, accessibility review, and user-
oriented testing. Such checkpoints help ensure that the workflow does not simply produce
digital outputs quickly but produces outputs that are suitable for the intended cultural,
educational, or inclusive purpose [35].

The role of automation is therefore best understood as supportive. It can make digital
heritage workflows more efficient, repeatable, and scalable, but it cannot replace curatorial
judgment, pedagogical planning, accessibility expertise, or user-centered evaluation. In
the context of this review, automation is valuable when it helps digital heritage systems
become easier to implement, easier to reuse, and more responsive to the needs of real users.

2.3. Human-Centered Workflow Design

A human-centered digital heritage workflow begins with the recognition that cultural
technologies are used by different people for different reasons. Museum visitors may seek
emotional engagement, clear narratives, and intuitive interaction. Students may need
structured learning activities and understandable visual or tactile material. Educators
may require resources that can be integrated into teaching. Museum professionals may
need reliable workflows that fit institutional constraints. Visually impaired users may
require tactile, auditory, and multimodal forms of interpretation. Older adults or users
with limited digital experience may need interfaces that reduce complexity and provide
clear guidance [36,37].

This diversity means that workflow design should not be guided only by technical capa-
bility. A system may include high-resolution 3D models, immersive XR environments, and
interactive content, but still offer a weak experience if users do not understand how to navigate
it, what to focus on, or why digital representation matters. Human-centered design therefore
requires attention to usability, accessibility, cognitive load, engagement, perceived authenticity,
and interpretive clarity from the earliest stages of development [38]. These criteria should
influence not only the final interface, but also earlier decisions concerning model preparation,
replica design, content structure, interaction modes, and evaluation methods.

Human-centered workflow design is also important because digital heritage often
involves a balance between expert knowledge and public interpretation. Cultural pro-
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fessionals may be concerned with accuracy, provenance, documentation quality, and re-
sponsible representation. General audiences, however, may need contextual explanation,
narrative guidance, and interaction cues. A successful workflow should not simply transfer
expert data to the public. It should translate that data into forms of experience that are
understandable, inclusive, and meaningful without distorting the cultural content [39].

Accessibility is a particularly important part of this design logic. Inclusive access
cannot be added only at the end of the workflow, after the digital model, XR environment,
or physical replica has already been produced. Instead, accessibility should shape the
workflow from the beginning. Decisions about scale, contrast, texture, audio description,
navigation, interaction pace, physical handling, and interface simplicity can determine
whether a system is genuinely usable by a wider audience. For visually impaired users, for
example, a tactile replica is not automatically accessible simply because it can be touched.
It must be designed so that its form, details, and interpretive support can be understood
through touch and complementary information [40].

In this sense, human-centered design connects the technical and social dimensions of
automated digital heritage workflows. It ensures that scanning, processing, fabrication,
XR development, and interaction design are not treated as separate tasks, but as linked
decisions that affect the final user experience. The aim is not only to produce accurate
digital or physical representations, but to create heritage experiences that people can
understand, trust, explore, and use in educational and cultural contexts. The conceptual
contribution of the proposed framework is that it does not treat digitization, fabrication,
XR, and evaluation as separate or sequential technical outputs only. Instead, it positions
user experience as a cross-cutting criterion that influences each stage of the workflow, from
the definition of user needs and capture strategy to output preparation, accessibility review,
and feedback-based refinement. To clarify this workflow logic, Figure 1 summarizes the
proposed human-centered structure of automated digital heritage production. The diagram
does not present a fixed technical protocol, but rather a conceptual sequence through
which heritage objects or sites are transformed into reusable digital assets and then into
user-facing physical, digital, or hybrid experiences. Importantly, the workflow includes UX
evaluation and feedback as a recurrent step, indicating that usability, accessibility, learning
value, engagement, and trust should inform the refinement of the system rather than be
considered only after implementation.

D

XR / Digital

Interpretation —

el e

~p| User Interaction &

Heritage Object / 3D Scanning / Digital Model Reusable Experience
Site Digital Capture Processing & Digital Asset 9 ’ students, educators,
Preparation visitors, professionals,
P 'A—‘ remote users, visually
T = impaired users
Additive
Manufacturing /
Tactile Replica
( v—_ UX Evaluation & Feedback
o
workflow refinement - usability, accessibility, learning,
engagement, trust

Figure 1. Human-centered automated digital heritage workflow.
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3. User Groups and Experience Requirements in Digital
Heritage Environments

Digital heritage workflows are not experienced by a single, uniform category of
user. The same system may be approached by educators and students who need digital
resources that support learning rather than simple visual display [41], or by museum
professionals and heritage practitioners who evaluate the same workflow through criteria
such as documentation reliability, institutional integration, training requirements, and
long-term reusability [42]. General visitors and remote audiences may require clear navi-
gation, controlled interaction pace, and accessible virtual environments, especially when
digital heritage is accessed through online tours or 360° experiences outside the physical
museum [43]. Other audiences introduce more specific accessibility needs. Users with
learning disorders may require simplified interfaces, clearer audiovisual support, and inter-
pretation strategies that reduce unnecessary cognitive barriers [44], while metaverse-based
or immersive heritage environments need to be evaluated not only for engagement, but also
for accessibility and user experience across different user profiles [45]. For this reason, user
experience in automated digital heritage workflows should be understood as a situated
and user-dependent quality, shaped by usability, accessibility, cognitive effort, emotional
engagement, digital familiarity, perceived authenticity, and the cultural value users are able
to extract from the interaction.

3.1. Students and Educators

For students and educators, automated digital heritage workflows can support selected
learning activities by making cultural content more tangible, interactive, and easier to
explore. In the present review, however, education is considered as one user context
within digital heritage experience design, not as a separate field of educational imaging
or pedagogy. Instead of relying only on images, lectures, or static museum displays,
learners may interact with 3D models, reconstructed spaces, printed replicas, augmented
reality activities, and virtual scenarios that support more active engagement with cultural
content [46,47]. This is particularly relevant in higher education and interdisciplinary
courses, where heritage can be connected with design, archaeology, engineering, digital
fabrication, history, communication, and sustainability.

The educational value of these workflows depends strongly on how the experience
is structured. Immersive or interactive tools do not automatically improve learning sim-
ply because they are technologically advanced. Students need clear tasks, appropriate
scaffolding, and enough contextual information to understand what they are seeing or
manipulating [48,49]. A virtual reconstruction, for example, may support spatial under-
standing, while a 3D-printed object may help learners compare form, scale, and material
features. However, both outputs require careful pedagogical framing if they are to support
knowledge construction rather than passive viewing.

Three-dimensional heritage artefacts can also support more practical forms of learning.
Students may participate in scanning, model cleaning, reconstruction, digital storytelling,
replica preparation, or XR content development, thereby understanding both the cultural
object and the workflow through which it is transformed into a digital or physical ed-
ucational resource [50,51]. Such activities can support inquiry-based learning because
students are not only exposed to heritage content but also invited to question how digital
representations are produced, simplified, interpreted, and reused.

For educators, the main requirement is not only technological availability, but also
practical usability. Digital heritage resources should be adaptable to different teaching
levels, compatible with classroom or laboratory constraints, and easy enough to implement
without excessive technical preparation [52,53]. A workflow that requires too much spe-
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cialized knowledge may remain impressive as a research demonstration but have limited
value in real teaching contexts. Therefore, educational adoption depends on the balance
between technical richness and pedagogical manageability.

Another important point is that digital heritage can support collaborative and design-
oriented learning. Students can work in groups, evaluate alternative reconstructions,
compare digital and physical outputs, or propose accessibility-oriented solutions for dif-
ferent audiences [54,55]. In this way, automated digital heritage workflows can promote
not only cultural knowledge, but also digital skills, critical thinking, design reasoning, and
awareness of inclusive cultural access.

3.2. Museum Visitors and General Audiences

Museum visitors and general audiences usually encounter digital heritage systems
from a different perspective. They may not be interested in the technical process behind
a 3D model, an XR application, or a digital archive. Instead, they expect the system to be
understandable, engaging, emotionally meaningful, and easy to use within the limited time
and attention span of a museum visit [56,57]. For this reason, user experience for general
audiences depends heavily on interaction simplicity, interpretive clarity, and the degree to
which the digital layer enhances rather than interrupts the cultural encounter.

Digital technologies can enrich visitor experience by revealing hidden details, recon-
structing missing contexts, presenting alternative narratives, or allowing users to explore
heritage objects and spaces that are fragile, inaccessible, or geographically distant [58,59].
Virtual museums, metaverse environments, mobile applications, interactive screens, and
location-based AR systems can all expand the visitor’s access to cultural information. How-
ever, this expansion becomes meaningful only when the technology is integrated into a
coherent interpretive experience.

A central challenge is to avoid treating engagement as mere technological attraction.
Visitors may initially be drawn to immersive interfaces, gamified activities, or visually rich
environments, but novelty does not necessarily lead to deeper understanding [60,61]. For
digital heritage workflows, engagement should be connected with cultural interpretation.
The system should help visitors notice important details, follow a narrative, compare
viewpoints, or develop a stronger connection with the object, site, or historical context.

Usability is especially important for general audiences because visitors differ widely in
age, background knowledge, digital familiarity, and motivation. Interfaces should therefore
allow users to begin the experience easily, understand what actions are possible, recover
from mistakes, and receive enough feedback to feel oriented [62,63]. A system that requires
lengthy instructions or complex navigation may reduce attention to the heritage content
itself. In visitor-facing applications, simplicity is not a weakness; it is often a condition for
meaningful interpretation.

Digital storytelling also plays a significant role in shaping the visitor experience. Cul-
tural heritage is rarely understood through data alone. It becomes meaningful when objects,
places, people, and historical processes are connected through narrative structures that
users can follow [64,65]. In this respect, automated digital workflows should not produce
only digital assets. They should also support the creation of interpretive experiences
that combine visual, textual, auditory, tactile, and interactive elements in ways that make
cultural meaning accessible to non-specialist audiences.

3.3. Museum Professionals and Heritage Practitioners

Museum professionals and heritage practitioners form a particularly important user
group because they are often responsible for selecting, operating, maintaining, and explain-
ing digital heritage systems. Their experience is shaped by different criteria from those
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of visitors or students. They are concerned with documentation reliability, institutional
feasibility, staff training, workflow transparency, data management, interpretive responsi-
bility, and long-term sustainability [66,67]. A digital heritage workflow that works well in
a research setting may still be difficult to adopt if it does not fit the everyday realities of
museums and heritage institutions.

For these professionals, automation can be highly valuable when it reduces repetitive
technical work and supports more consistent outputs. Semi-automated processes such as
image alignment, mesh repair, metadata handling, file conversion, model optimization,
or preparation of digital assets for web, XR, and additive manufacturing can make digital
heritage production more manageable [68,69]. This is especially important for smaller
institutions, where staff may not have the time or resources to develop separate technical
pipelines for every digital initiative.

At the same time, professional users require control and transparency. Automated
tools may accelerate production, but they can also obscure important decisions. A mesh
may be repaired automatically, a reconstruction may be completed algorithmically, or a
virtual environment may be generated quickly, yet professionals still need to understand
what has been modified, simplified, or inferred [70,71]. In heritage contexts, such decisions
are not purely technical. They influence authenticity, interpretation, documentation quality,
and public trust.

Institutional adoption also depends on governance and strategic planning. Digital
transformation in museums is not only a matter of acquiring new tools; it involves or-
ganizational priorities, staff roles, funding models, public engagement strategies, ethical
frameworks, and long-term preservation planning [72,73]. If digital heritage workflows are
introduced without institutional alignment, they may remain isolated projects rather than
sustainable practices. Therefore, user experience for professionals includes the experience
of managing the workflow over time, not only operating a specific interface.

Finally, heritage practitioners increasingly work in environments where participation,
co-creation, and public-facing digital communication are expected. This requires workflows
that can connect expert knowledge with accessible interpretation, while still preserving
professional standards [74,75]. In this sense, automated digital heritage systems should
support professional judgment rather than replace it. Their value lies in helping institutions
produce reliable, reusable, and meaningful digital resources while retaining control over
cultural interpretation and user access.

3.4. Older Adults, Remote Users, and Users with Different Levels of Digital Familiarity

Older adults, remote users, and people with different levels of digital familiarity
introduce additional requirements for automated digital heritage workflows. These users
may benefit greatly from virtual museums, online exhibitions, XR experiences, digital
storytelling, and 3D visualizations, especially when physical museum access is limited by
distance, mobility, health, time, or social circumstances [76,77]. At the same time, they may
face barriers related to interface complexity, device availability, sensory comfort, navigation
uncertainty, or lack of confidence with digital technologies.

For older adults, digital heritage can support learning, wellbeing, memory stimulation,
and social participation. However, the experience must be designed with attention to com-
fort, readability, pace, and control [78,79]. Interfaces should avoid unnecessary complexity,
small text, rapid visual transitions, confusing menus, and interaction patterns that assume
gaming experience or high digital fluency. Users should be able to understand where they
are in the system, what they can do next, and how to return to previous content.

Remote access changes the nature of heritage experience. When users are not physi-
cally present in the museum or heritage site, the digital environment must provide orienta-
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tion, context, and a sense of meaningful progression [80,81]. Virtual tours, web-based 3D
visualization platforms, and online exhibitions can support access, but they require careful
design to avoid becoming a collection of disconnected images or models. Features such
as guided navigation, layered information, audio support, and clear spatial cues can help
remote users remain engaged and oriented.

Users with limited digital familiarity also need systems that reduce avoidable friction.
This does not mean that digital heritage content should be simplified excessively. Rather, it
means that interaction should be predictable, instructions should be visible when needed,
and users should not be punished for hesitation or error [82,83]. In this context, accessibility
is closely related to confidence. A user who feels lost or uncertain may abandon the
experience even if the cultural content is valuable.

Different user profiles may also benefit from multimodal interaction. Some users may
prefer visual exploration, others may respond better to audio narration, tactile supports, 3D
printed materials, or simplified web-based interfaces [84,85]. Automated digital heritage
workflows should therefore be flexible enough to support different levels of interaction.
The aim is not to create one universal experience that works perfectly for everyone, but to
design adaptable systems that allow different users to access cultural content in ways that
are comfortable, understandable, and meaningful. The diversity of user groups discussed
in this section shows that UX requirements in digital heritage workflows cannot be reduced
to a single design criterion. Different audiences approach the same digital or physical
outputs with different expectations, abilities, levels of expertise, and interaction needs.
Table 1 summarizes these user groups, highlighting their main needs, potential UX risks,

and corresponding design priorities.

Table 1. User groups and UX requirements in digital heritage workflows.

User Group

Main Needs

UX Risks

Design Priorities

Students [41,46-51,53-55]

Clear learning objectives,
interactive exploration, contextual
information, active participation

Passive viewing, cognitive
overload, weak connection
between technology and
learning goals

Guided activities, scaffolding,
clear tasks, comparison between
digital and physical outputs

Educators [41,46-55]

Reusable teaching resources,
adaptable content, manageable
preparation time

Excessive technical complexity,
poor fit with curricula, limited
classroom feasibility

Simple implementation, modular
resources, adjustable difficulty,
pedagogical support

Museum visitors [43,56—65]

Intuitive interaction, engaging
narratives, meaningful
interpretation, short

learning curve

Disorientation, superficial
engagement, technology
distracting from cultural content

Clear navigation, concise
explanations, storytelling, visible
interaction cues

Museum professionals [42,66-75]

Reliable workflows,
documentation quality,
operational feasibility,
long-term reuse

Lack of transparency, difficult
maintenance, dependence on
external specialists

Traceable workflows,
metadata/paradata, staff training,
institutional compatibility

Older adults [43,76-79]

Comfortable pace, readable
interfaces, clear guidance,
low-friction interaction

Small text, rapid transitions,
unfamiliar controls,
XR discomfort

Simplified navigation, adjustable
pace, accessible text/audio, seated
or low-motion options

Remote users [43,80-84]

Orientation, contextualization,
meaningful online access,
continuity of experience

Fragmented content, loss of
spatial context, weak sense
of presence

Guided virtual routes, layered
information, audio support,
web-based accessibility

Visually impaired users [44,85]

Tactile access, audio description,
multimodal interpretation,
safe handling

Visual dependence, poor tactile
readability, lack of
assistive compatibility

Tactile replicas, audio guidance,
high-contrast/supportive
interfaces, co-design with users

Users with low digital familiarity
[43-45,76-84]

Predictable interaction, clear
instructions, confidence-
building design

Confusion, hesitation,
abandonment of the experience,
fear of making mistakes

Simple interfaces, visible help,
forgiving interaction, alternative
low-tech access routes

Overall, the literature on user groups in digital heritage shows a clear convergence

around the need for inclusive and user-sensitive design, but it also reveals important
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differences in emphasis. Studies focused on students and museum visitors often highlight
engagement, motivation, and learning potential, while studies focused on professionals
emphasize documentation reliability, workflow transparency, and institutional feasibility.
Accessibility-oriented studies, by contrast, tend to focus on specific user groups, especially
visually impaired users, and less often examine broader disability profiles or combined
accessibility needs. As a result, the existing literature supports the value of user-centered
digital heritage, but it does not always provide comparable evidence across user groups.
This indicates a need for more balanced studies that evaluate the same workflow across dif-
ferent audiences, rather than treating engagement, accessibility, and professional usability
as separate concerns.

4. User Experience Across the 3D Scanning-AM-XR Workflow

The user experience of a digital heritage system is shaped by the entire workflow,
not only by the final application or interface. A visitor, student, educator, or museum
professional may never see the technical steps behind a digital model, but those steps
strongly influence what the user can understand, touch, explore, trust, or reuse. The
quality of 3D capture affects the completeness and clarity of downstream outputs; model
processing influences whether digital objects remain usable across platforms; additive
manufacturing transforms selected digital information into physical interaction; and XR
technologies introduce immersive, narrative, and multimodal layers of interpretation [86].
Recent work on digital heritage infrastructures has shown that 3D assets become more
valuable when they are supported by appropriate metadata, preservation planning, and
reuse strategies [87]. At the same time, studies on paradata and uncertainty indicate that
users and professionals need to understand how digital heritage models are produced,
modified, and interpreted [88]. In this sense, user experience should be considered across
the whole 3D scanning-AM-XR workflow, from acquisition and preparation to physical
interaction, immersive interpretation, and hybrid forms of access [89,90].

4.1. Three-Dimensional Scanning and Digital Capture

Three-dimensional scanning and digital capture form the first stage of many digital
heritage workflows. From a technical perspective, this stage is usually discussed in terms
of accuracy, resolution, completeness, texture quality, and repeatability. From a user-
experience perspective, however, these parameters matter because they influence the
usefulness and readability of all later outputs. A poorly captured model may be difficult
to interpret, unsuitable for printing, visually confusing in XR, or unreliable as a teaching
resource [91]. Conversely, a well-planned capture process can produce digital assets that
support several user-facing applications, including online visualization, classroom use,
tactile reproduction, and immersive interpretation [92].

The choice of capture method affects both the technical and experiential potential of
the workflow. Structured-light scanning can produce high-resolution models of smaller
objects, while photogrammetry offers flexibility and affordability, especially when institu-
tions have limited resources [93]. Nevertheless, affordability should not be understood as
the absence of a minimum resource threshold. Even a low-cost digital capture workflow re-
quires basic equipment, appropriate lighting conditions, scale control, sufficient computing
capacity, suitable processing software, storage space, and staff time for quality checking
and documentation. In practical terms, a minimal acceptable threshold would include a
capture device capable of producing sufficiently sharp and overlapping image data or scan
data, a controlled acquisition setup, access to reliable reconstruction and mesh-processing
software, and personnel able to assess whether the resulting model is complete, scaled,
reusable, and appropriate for the intended output. Below this threshold, the workflow may
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still generate a digital model, but the model may be too noisy, incomplete, poorly scaled, or
insufficiently documented to support trustworthy interpretation, tactile reproduction, XR
use, or long-term reuse. Laser scanning and hybrid approaches may be more appropriate
for larger heritage spaces, architectural elements, or complex spatial environments [94].
These differences are important because user experience is not served by maximum detail
alone. The most suitable capture method is the one that produces data appropriate for the
intended form of interaction.

Completeness is particularly important. Missing areas, noisy geometry, weak texture,
poor alignment, or inconsistent scale can reduce user trust and make interpretation more
difficult. In educational or museum contexts, users often assume that digital models
represent the object faithfully, even when technical limitations have affected the result [95].
Therefore, capture quality indirectly influences perceived authenticity. If the user notices
visual breaks, distorted geometry, or unclear features, attention may shift from the cultural
content to the limitations of the technology.

Processing time and repeatability also affect user experience, especially from the
perspective of museum professionals and educators. A capture workflow that is too slow,
unstable, or dependent on highly specialized expertise may be difficult to integrate into
institutional practice [96]. Repeatable procedures help institutions produce consistent
digital resources and allow educators to reuse outputs across different activities. In this
sense, acquisition is not only a technical stage; it is also an operational stage that determines
whether digital heritage production can become sustainable.

Digital capture also influences accessibility. If the captured model does not preserve the
forms that are meaningful for tactile interpretation, additive manufacturing may produce
replicas that are difficult to read through touch [97]. If the model is too heavy or poorly
optimized, it may not perform well in XR or web-based environments, limiting remote
access [98]. For this reason, capture should be planned with downstream use in mind. The
scanning stage should not simply ask how the object can be recorded, but how the resulting
data will later support understanding, interaction, and inclusive access [99,100].

4.2. Digital Model Processing and Preparation

After capture, digital heritage assets usually require processing before they can be
used in educational, museum, XR, or additive manufacturing contexts. This stage may in-
clude alignment, mesh generation, cleaning, hole filling, smoothing, segmentation, scaling,
decimation, texture correction, metadata enrichment, and conversion into appropriate file
formats. Although these operations appear technical, they have direct consequences for
user experience because they determine what the final user can see, manipulate, print, or
understand [101].

Mesh cleaning and repair are necessary when raw data contain gaps, artifacts, overlap-
ping surfaces, or non-manifold geometry. However, repair operations should be handled
carefully. A mesh that is automatically completed may become printable or visually
smooth, but it may also include inferred geometry that users could mistake for documented
evidence [102]. This is why transparency is important. When a digital object has been
reconstructed, simplified, or altered, the workflow should preserve enough information
for professionals and, where appropriate, users to understand what is original, what is
processed, and what is interpretive [103].

Simplification is another key issue. High-resolution models may be valuable for
documentation, but they are often too heavy for real-time XR, mobile applications, web
platforms, or classroom use. Decimation and texture optimization can improve performance
and reduce loading times, but excessive simplification may remove details that support
interpretation [104]. The user-experience challenge is therefore to find an appropriate
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balance between fidelity and usability. A model does not need to contain every captured
detail if the intended experience requires clarity, speed, or tactile readability. At the same
time, simplification should not erase culturally meaningful features [105].

Scaling and segmentation also influence usability and accessibility. A small object may
need to be enlarged for tactile exploration, while a large object may need to be divided into
understandable parts for teaching or printing [106]. Segmentation can help users focus on
specific components, compare alternatives, or understand complex forms gradually. In
XR environments, segmentation may also support guided interaction, allowing users to
explore layers, phases, or reconstructed elements step by step [107].

Metadata and paradata are equally important. Metadata describe the object, its
origin, material, date, context, and digital file characteristics, while paradata document the
decisions, uncertainties, and transformations involved in creating the digital model [108].
From a UX perspective, these forms of information help users and professionals trust, reuse,
and interpret digital assets. Without them, a model may appear visually convincing but
remain disconnected from context, provenance, and production history [109].

Preparation for printing or XR should therefore be treated as a user-centered design
stage. For additive manufacturing, the model must be checked for scale, wall thickness,
orientation, support needs, durability, and tactile clarity. For XR, it must be optimized for
interaction, navigation, frame rate, lighting, and contextual explanation [110]. In both cases,
the goal is not simply to make the model technically compatible with another platform, but
to make it meaningful and usable for the intended audience.

4.3. Additive Manufacturing and Physical Interaction

Additive manufacturing introduces a physical dimension into digital heritage work-
flows. A 3D-printed replica is not only a material copy of a digital model; it is also a
user-facing interface. It allows users to explore form, scale, volume, relief, and spatial
relationships through direct handling. This is particularly important in educational con-
texts and for visitors who benefit from tactile or multisensory interpretation [111]. When
designed appropriately, replicas can support learning, accessibility, and engagement by
turning digital heritage into something that can be touched, compared, passed around, and
discussed [112].

From a user-experience perspective, tactile readability is more important than technical
reproduction alone. A highly accurate miniature may be difficult to understand through
touch if the details are too small, fragile, crowded, or visually dependent. For visually
impaired users, the meaningful features of an object may need to be enlarged, simplified,
separated, or supported through audio and textual explanation [113]. This does not mean
that the replica becomes less valuable. Rather, it means that the replica is designed for a
specific form of interaction.

Scale is one of the most important design decisions. Small objects may need to
be enlarged so that details become tactilely readable, while large objects may need to be
reduced or divided into sections so that users can understand their structure [114]. The same
object may therefore require different printed versions for different users or educational
purposes. A replica intended for museum handling, for example, may prioritize durability
and safe exploration, while a replica intended for technical study may preserve finer
geometric detail [115].

Material choice also affects experience. Weight, texture, temperature, surface rough-
ness, color, strength, and post-processing influence how users perceive and handle the
replica. A material that is technically printable may not be suitable for repeated public
handling, children’s workshops, or accessibility programs [116]. Safety is also important.
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Replicas should avoid sharp edges, fragile protrusions, toxic coatings, or surfaces that
become uncomfortable during extended tactile exploration [117].

Durability and maintenance influence institutional usability. Museum professionals
may be more likely to adopt 3D-printed replicas if they are robust, replaceable, easy to
clean, and affordable to reproduce [118]. In classrooms, the ability to produce multiple
copies can support group work and active learning. In museums, replicas can reduce
handling risks for originals while allowing visitors to engage physically with forms that
would otherwise remain behind glass [119].

Additive manufacturing therefore changes the relationship between digital represen-
tation and cultural access. It allows a digital model to become a physical learning object,
accessibility tool, or interpretive support. However, the success of this stage depends on
design choices that connect the replica with real users. The question is not only whether a
heritage object can be printed, but whether the printed output can be safely, comfortably,
and meaningfully experienced [120].

4.4. XR and Multimodal Interaction

Extended reality technologies add immersive and interactive layers to digital heritage
workflows. Virtual reality can place users inside reconstructed environments, augmented
reality can overlay digital information onto physical objects or sites, and mixed reality
can combine real and virtual elements within shared interaction spaces [121]. These
technologies are especially valuable when heritage objects are inaccessible, fragmented,
remote, or difficult to contextualize through conventional display methods [122].

User experience in XR depends strongly on presence, navigation, interaction quality,
and cognitive load. Immersion can help users feel closer to a historical place or object, but
it can also create discomfort or confusion if the interface is poorly designed [123]. Users
need to know where they are, what they can do, and how the digital environment relates to
the cultural content. Without clear interaction design, XR may become visually impressive
but interpretively weak [124].

Navigation is a major UX issue. In virtual museums and reconstructed heritage envi-
ronments, users may become disoriented if spatial cues, movement options, or guidance
systems are unclear [125]. This is especially important for users with limited gaming
experience, older adults, or visitors who interact with the system only briefly. Guided
paths, maps, visual anchors, audio cues, and progressive disclosure of information can help
reduce cognitive effort and maintain attention on cultural interpretation [126].

Multimodality can strengthen XR-based heritage experiences. Text, audio narration,
3D models, animation, spatial sound, gesture interaction, haptic cues, and environmental
storytelling can provide complementary channels of meaning [127]. However, multimodal-
ity should be designed carefully. Too much simultaneous information may overwhelm
users, while poorly synchronized audio-visual content may reduce comprehension. The
aim is not to add as many media layers as possible, but to combine them in ways that
support understanding [128].

Accessibility remains a central concern. XR systems often depend heavily on vision,
motion, and device familiarity. This can exclude users with visual impairments, vestibular
discomfort, mobility limitations, or low digital confidence [129]. Accessible XR design
should therefore consider adjustable interaction pace, alternative navigation methods,
audio description, subtitles, simplified modes, seated experiences, and compatibility with
different devices [130].

XR can also support remote cultural participation. Users who cannot visit a museum,
archaeological site, or heritage building may still access a structured digital experience
from another location [131]. Yet remote access should not be confused with simple digital
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availability. A successful XR experience should provide orientation, context, interaction,
and narrative coherence. From a UX perspective, the quality of the experience depends
on how effectively the system transforms digital heritage content into meaningful cultural
encounter [132].

A critical comparison of XR-related studies also shows that positive findings on im-
mersion and engagement are not always matched by equally strong evidence on usability,
accessibility, or long-term learning value. Some studies emphasize presence, novelty, and
emotional engagement, whereas others report challenges related to navigation, cognitive
overload, motion discomfort, device dependence, and limited accessibility for users with
sensory, motor, or vestibular difficulties. Methodological differences further complicate
comparison, since XR applications are evaluated through diverse instruments, sample
sizes, exposure times, and task scenarios. Therefore, XR should not be treated as inherently
beneficial for digital heritage. Its value depends on whether immersive interaction is sup-
ported by clear orientation, accessible design, appropriate content density, and evaluation
methods that go beyond immediate satisfaction or novelty effects.

4.5. Combining Physical and Digital Interaction

The strongest digital heritage experiences often emerge when physical and digital
interaction are combined. A 3D-printed replica can provide tactile and spatial understand-
ing, while XR, audio, mobile interfaces, QR codes, NFC tags, or guided activities can add
context, narrative, and layered information [133]. In this hybrid approach, the replica is
not an isolated object and the digital interface is not a separate screen-based experience.
Instead, both become parts of the same interpretive system.

Hybrid interaction is particularly useful for accessibility. A visually impaired visitor
may explore a tactile replica while receiving audio description through a mobile device
or museum guide [134]. A student may scan a QR code on a replica to access an AR
reconstruction, historical explanation, or comparative model. A museum visitor may
handle a simplified object while an XR layer shows the original context, missing parts, or
spatial placement [135]. Such combinations can help users move between touch, vision,
sound, and narrative without depending on one single mode of engagement.

QR codes and NFC tags are simple but effective tools in this context. They can connect
physical exhibits, printed replicas, labels, or educational material with digital content such
as videos, audio narration, 3D models, web pages, or AR scenes [136]. Their value lies in
their low cost and flexibility. However, they should be used thoughtfully. If the linked
content is poorly structured, inaccessible, or too long, the hybrid experience may become
fragmented rather than enriched [137,138].

Mobile applications can also connect physical and digital interpretation. They can
provide multilingual content, guided tours, personalized routes, quizzes, accessibility
options, and location-sensitive information [139]. In educational settings, mobile-supported
interaction can help learners connect classroom activities with museum visits, heritage
walks, or maker-based assignments. In museums, mobile tools can support different depths
of engagement, allowing casual visitors and more motivated users to access different levels
of information [140].

The design challenge is to avoid unnecessary complexity. Combining physical replicas,
XR content, audio, QR codes, NFC tags, and mobile applications can produce a rich
experience, but it can also create confusion if the interaction logic is unclear. Users should
understand how each element contributes to the overall interpretation. Hybrid workflows
should therefore be designed around coherent scenarios: touch to understand form, listen
to receive context, view XR to reconstruct environment, and interact digitally to explore
additional layers [141].
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In this sense, hybrid physical-digital interaction offers a promising direction for

inclusive digital heritage. It allows the same cultural object to be approached through

multiple sensory and cognitive pathways. More importantly, it shifts attention from

technology as display to technology as mediation. The goal is not only to present heritage

in more formats, but to give different users more meaningful ways to access, understand,

and participate in cultural interpretation. Taken together, the stages discussed in this

section show that user experience is shaped progressively across the 3D scanning-AM-XR

workflow. Digital capture affects model clarity and trust; model processing influences

usability, performance, and transparency; additive manufacturing introduces tactile and

physical interaction; XR adds immersion, navigation, and interpretive context; and hybrid

physical-digital interaction supports multimodal access and inclusion. Figure 2 summarizes

these workflow stages and the main UX implications associated with each of them.
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Figure 2. UX implications across the 3D scanning-AM-XR workflow.
While Figure 2 provides a visual overview of the workflow, Table 2 further specifies
the typical outputs, UX contributions, and potential risks associated with each stage.
Table 2. Workflow stages, outputs, and UX implications in automated digital heritage systems.
Workflow Stage Typical Output UX Contribution Potential UX Risk

3D scanning/digital capture
[86,91-100]

Point cloud, mesh, textured
model, digital record

Supports model clarity, visual
completeness, perceived
reliability, and downstream reuse

Incomplete, noisy, distorted, or
poorly scaled data may reduce
trust and limit later use

Digital model processing and
preparation [101-110]

Cleaned mesh, optimized file,
segmented model,
metadata-enriched asset

Improves usability, platform
performance, interpretive clarity,
transparency, and reusability

Over-simplification,
undocumented repair, loss of
detail, or weak metadata may
reduce authenticity and
interpretive value

Additive manufacturing/physical
output [111-120]

3D-printed replica, tactile model,
handling object,
educational support

Enables tactile access, physical
interaction, safe handling, spatial
understanding, and
classroom/museum engagement

Poor scale, weak tactile
readability, fragile geometry,
unsuitable material, or unsafe
handling may limit accessibility

XR/digital interpretation
[121-132]

VR/AR/MR scene, immersive
reconstruction, digital overlay,
interactive environment

Provides contextualization,
immersion, narrative support,
remote access, and

interactive exploration

Cognitive overload,
disorientation, discomfort, weak
navigation, or excessive visual
complexity may reduce learning
and engagement

Hybrid physical-digital
interaction [133-137,139-141]

Combined replica, audio support,
QR/NEC content, mobile layer,
AR-enhanced object

Supports multimodal access,
inclusion, layered interpretation,
and flexible user engagement

Fragmented interaction, unclear
guidance, inaccessible digital
content, or excessive technological
layering may confuse users

The added value of this workflow framework, compared with more technology-centered
digital heritage models, is its emphasis on downstream UX consequences. Each stage is not
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presented only in terms of technical output, but also in terms of how it affects interpretation,
accessibility, trust, performance, tactile or immersive interaction, and institutional reuse. In this
sense, the framework extends existing digital heritage workflow models by connecting technical
transformations with user-facing outcomes and evaluation requirements.

5. Evaluation of User Experience in Automated Digital
Heritage Workflows

The evaluation of user experience is a necessary step if automated digital heritage
workflows are to move beyond technical demonstration and become reliable cultural, edu-
cational, and museum-facing systems. A workflow may successfully produce a 3D model,
a printed replica, or an XR environment, but these outputs still need to be assessed in
relation to how users understand, navigate, trust, and benefit from them [142]. Evalua-
tion is therefore not limited to measuring satisfaction after use. It may include usability,
accessibility, task completion, error rate, comfort, learning effectiveness, interaction quality,
cognitive load, engagement, perceived authenticity, inclusiveness, and willingness to reuse
the system [143,144]. In museum and heritage contexts, these dimensions are particularly
important because the user is not simply operating a tool but interacting with cultural
meaning [145]. This section does not propose a formal systematic review protocol or a
fixed evaluation model. Instead, it discusses representative evaluation approaches and
design criteria that can support the assessment of user-centered automated digital heritage
workflows [146].

In addition to general evaluation dimensions, standardized instruments from human-
computer interaction research can support more comparable UX assessment in digital
heritage workflows. The System Usability Scale (SUS) is useful for obtaining a rapid and
widely comparable measure of perceived usability, especially after users interact with a
web platform, XR application, mobile guide, or hybrid interface. The User Experience
Questionnaire (UEQ) provides a broader view by distinguishing pragmatic qualities, such
as efficiency and dependability, from hedonic qualities, such as stimulation and novelty.
NASA-TLX can be used when the evaluation needs to capture perceived workload, cogni-
tive effort, frustration, and task demand, which is particularly relevant for XR navigation,
complex interfaces, or educational tasks. AttrakDiff can also support the assessment of
pragmatic quality, hedonic quality, and overall attractiveness. These instruments do not
replace qualitative observation, interviews, accessibility audits, or task-based testing, but
they can make UX evaluation more structured and comparable across studies when selected
according to the target users, workflow stage, and type of digital or physical output.

5.1. Usability and Interaction Quality

Usability is one of the most direct ways to evaluate whether a digital heritage system
can be meaningfully used by its intended audience. In automated workflows that com-
bine 3D models, digital interfaces, XR environments, mobile applications, or interactive
installations, users should be able to understand what the system offers, how to begin,
how to navigate, how to interact with content, and how to recover from mistakes [147]. A
technically sophisticated system may still provide a weak experience if users are uncertain
about controls, confused by navigation, or unable to complete basic tasks.

Interaction quality depends on clarity, consistency, feedback, responsiveness, and
alignment between user expectations and system behavior. For example, a museum visitor
using a mobile guide should receive clear indications of which object has been recognized,
what information is available, and how to continue the experience [148]. In virtual or
industrial heritage environments, interaction should support exploration without requiring
users to learn complex control schemes before engaging with the cultural content [149].
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Where virtual reconstructions are used, users should also be able to distinguish between
navigation, interpretation, and interaction functions without unnecessary friction [150].

Task-based evaluation can be useful in this context. Users may be asked to locate an
object, activate a digital layer, compare a replica with a digital model, complete a learning
activity, identify a reconstructed feature, or follow a guided route. Task completion time,
number of errors, requests for assistance, hesitation points, and user comments can reveal
problems that a general satisfaction questionnaire may not capture [151]. Observation
and think-aloud protocols can also help identify moments where users misunderstand the
interface or fail to notice available options [152].

Standardized instruments, such as usability scales or user-experience questionnaires,
can provide useful comparative data, especially when different versions of the same
system are tested. However, such tools should not be used mechanically. In cultural
heritage, usability is connected with interpretation, not only efficiency. A system should
be easy enough to use, but it should also encourage attention, curiosity, and meaningful
engagement with the heritage content [153]. Therefore, usability evaluation should combine
quantitative indicators with qualitative feedback.

Interaction quality is also shaped by the degree of naturalness in the interface. Gesture-
based systems, conversational agents, virtual humans, and Al-assisted guides may reduce
barriers when they are well designed, but they may also introduce confusion if responses
are unclear or if the interaction feels artificial [154,155]. For this reason, evaluation should
examine whether interaction technologies genuinely support the user’s experience or
simply add complexity. The central question is not whether the system is technologically
advanced, but whether users can interact with it confidently, comfortably, and with a clear
sense of purpose [156].

5.2. Accessibility and Inclusive Evaluation

Accessibility evaluation is essential because digital heritage workflows are often
presented as tools for widening cultural access. This claim must be tested against the needs
of different users, including visually impaired users, older adults, people with mobility
limitations, users with learning disorders, and people with low digital confidence. A
system cannot be considered inclusive simply because it is digital or interactive. It must be
evaluated in relation to the barriers it removes and the new barriers it may introduce [157].

Accessibility in automated digital heritage workflows should be understood across a
broad spectrum of user needs rather than being limited to visual impairment. In addition to
blind and low-vision users, inclusive design should consider users with motor impairments,
chronic fatigue, cognitive disabilities, psychiatric disabilities, neurodivergent profiles,
older adults with combined sensory and mobility limitations, and users with low digital
confidence. These groups may encounter different barriers at different workflow stages. For
example, web-based 3D viewers and mobile interfaces should support keyboard navigation,
screen-reader compatibility, sufficient contrast, captions, clear structure, and adjustable
interaction pace, in line with standards such as WCAG 2.2 and ISO/IEC 40500 [158]. Public-
sector or institution-facing digital services may also need to consider EN 301 549 [159],
especially when digital content is delivered through websites, mobile applications, kiosks,
or interactive systems. In XR environments, accessibility should be extended to alternative
navigation modes, seated or low-motion options, subtitles, audio description, reduced
sensory overload, and clear orientation cues. For additive manufacturing and tactile
replicas, accessibility involves safe handling, tactile readability, appropriate scale, durable
materials, and complementary audio or textual explanation. Therefore, standards-based
accessibility should be mapped onto the whole workflow rather than treated only as a final
interface requirement.
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For visually impaired users, accessibility evaluation should consider whether informa-
tion can be accessed through touch, audio, spatial guidance, or multimodal interaction. A
tactile replica, for example, should not be assessed only as a printed object. It should be
evaluated according to tactile readability, scale, clarity of form, safety of handling, audio
support, and the user’s ability to understand the cultural meaning of the object [160].
Similarly, digital interfaces should be examined for screen-reader compatibility, contrast,
navigation structure, and compatibility with assistive technologies [161].

Inclusive evaluation should also account for cognitive accessibility. Some users may
need simplified navigation, reduced information density, repeated instructions, predictable
interaction, or alternative explanations. These requirements are especially relevant in
museum environments, where visitors have different levels of prior knowledge, attention
span, and digital literacy [162]. Accessibility audits can therefore be combined with user
testing involving participants from different groups, rather than relying only on general
design guidelines.

Older adults and users with limited digital familiarity may experience barriers that
are not always visible in technical evaluation. Small text, rapid transitions, complex menus,
unfamiliar gestures, headset discomfort, or lack of clear guidance can reduce their ability to
benefit from digital heritage experiences [163]. For this reason, inclusive evaluation should
include measures of comfort, confidence, perceived control, and willingness to continue
using the system. These factors are especially important for XR and web-based platforms,
where interaction may be unfamiliar or physically demanding.

Accessibility should also be treated as a workflow-level issue. Barriers may appear during
the final interface, but they may also originate earlier, in decisions about model scale, replica
design, audio description, metadata, content hierarchy, or interaction mode [164,165]. Co-design
and participatory evaluation can help reveal these issues early, especially when people with
disabilities or accessibility professionals are involved in testing and interpretation [166,167]. In
this sense, inclusive evaluation is not only a final quality check; it is part of the design process
itself. Its aim is to ensure that digital heritage systems support meaningful participation rather
than merely symbolic access [168].

5.3. Cognitive Load, Engagement, and Learning

Digital heritage experiences often combine visual content, spatial navigation, text,
audio, interaction, storytelling, and sometimes physical or tactile elements. This richness
can support learning, but it can also overload users if information is not structured carefully.
Cognitive load is therefore a central evaluation dimension, especially in XR, AR, virtual
museums, and interactive educational environments [169]. Users should not have to spend
excessive mental effort understanding the interface at the expense of understanding the
cultural content.

Cognitive load can be evaluated through questionnaires, observation, task perfor-
mance, user comments, and learning outcomes. In immersive heritage environments,
researchers may also examine attention, memory retention, navigation errors, and emo-
tional engagement [170]. A well-designed system should help users focus on relevant
information, follow a clear interpretive path, and connect digital content with cultural
meaning. If users remember the technology but not the heritage message, the experience
may have failed educationally even if it was engaging.

Engagement should therefore be interpreted carefully. A system may be engaging
because it is novel, playful, immersive, or visually impressive, but this does not necessarily
mean that it supports learning [171]. In educational and museum contexts, meaningful
engagement should be connected with curiosity, interpretation, reflection, and knowl-
edge construction. This can be evaluated through pre- and post-experience questions,
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interviews, learning tasks, group discussion, or analysis of how users explain what they
experienced [172].

Augmented reality and virtual museum environments can support learning when they
provide appropriate guidance, pacing, and contextualization [173,174]. However, they can
also create split attention if users must constantly shift between the physical environment,
the digital interface, instructions, and interpretive content. Evaluation should therefore
examine whether digital layers clarify or complicate understanding. For example, an AR
overlay should help users notice something important, not simply add visual decoration.

Interaction design also affects learning. Game-based elements, spatial exploration,
quizzes, guided routes, or collaborative tasks can motivate users, but they should be
aligned with learning objectives [175]. If the gamified layer dominates the cultural content,
users may focus on completing the activity rather than understanding the heritage context.
Similarly, immersive environments should support presence without causing disorientation,
fatigue, or distraction [176].

The evaluation of learning in automated digital heritage workflows should therefore
combine multiple indicators. These may include factual recall, spatial understanding,
interpretive reasoning, emotional response, self-reported engagement, and ability to con-
nect the experience with broader cultural themes [177]. Such evaluation does not need
to be overly complex, but it should be intentional. The goal is to determine whether the
system helps users understand heritage more clearly, not merely whether they enjoyed the
technology [178].

5.4. Perceived Authenticity and Trust

Perceived authenticity is a particularly important evaluation dimension in digital
heritage. Users often interact with replicas, reconstructions, virtual environments, or Al-
assisted interpretations without fully knowing how these outputs were produced. They
may assume that a digital model is an exact record, that a reconstruction is historically
certain, or that a printed replica represents all meaningful aspects of the original object. For
this reason, trust depends not only on visual quality, but also on transparency, explanation,
and responsible interpretation [179].

Authenticity in digital heritage is not identical to material originality. A 3D-printed
replica, a virtual museum, or an XR reconstruction can be meaningful even when it is
not the original object. However, users should understand the status of what they are
experiencing. Is the model directly scanned? Has it been repaired? Are missing parts
reconstructed? Is the color original, estimated, or digitally enhanced? Are the spatial
surroundings documented or interpretive? These questions affect how users trust the
experience [180].

Evaluation can examine perceived authenticity through questionnaires, interviews,
and qualitative feedback. Users may be asked whether they found the experience credible,
whether they understood what was reconstructed, whether they trusted the digital rep-
resentation, and whether explanatory information changed their perception [181]. Such
feedback is valuable because users may respond differently to the same digital object
depending on how reconstruction choices are presented.

Trust is also connected with institutional authority. Museum visitors may be more
willing to accept a digital reconstruction if it is clearly framed by a trusted institution, cura-
tor, educator, or research team [182]. At the same time, excessive technological polish may
create a false sense of certainty. A visually seamless reconstruction may hide uncertainty;,
while a more transparent representation may help users understand the interpretive nature
of heritage work [183].
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Perceived authenticity also influences satisfaction, emotional connection, and future
behavioral intention. Studies in cultural and heritage tourism suggest that authenticity,
attachment, perceived value, and trust can shape how users evaluate heritage experi-
ences and whether they wish to revisit, recommend, or continue engaging with cultural
content [184,185]. In digital heritage, similar dynamics may affect whether users accept virtual
museums, digital replicas, or immersive reconstructions as legitimate forms of cultural access.

For automated workflows, this issue becomes even more important. Al-assisted recon-
struction, automated model repair, generative content, and adaptive interpretation can im-
prove efficiency and personalization, but they also increase the need for transparency [186,187].
Users and professionals should be able to understand when automation has contributed to the
final representation and where human interpretation remains involved. Trustworthy digital
heritage systems should therefore make their production logic visible enough to support
confidence without overwhelming the user with technical detail [188]. Overall, the evalua-
tion of automated digital heritage workflows requires attention to several complementary
dimensions. Usability and interaction quality determine whether users can operate the system
effectively; accessibility and inclusion examine whether different audiences can participate
meaningfully; cognitive load and learning address whether the experience supports under-
standing rather than confusion; engagement and satisfaction reflect the affective quality of
interaction; authenticity and trust concern how users interpret digital or reconstructed content;
and comfort and task performance indicate whether the experience remains practical, safe,
and usable in real settings. Figure 3 brings these dimensions together and links them with rep-
resentative evaluation methods that can be used without implying a fixed or protocol-driven
review framework.

L

= 1. Usability &
k Interaction Quality

% 2. Accessibility &
Inclusion

3. Cognitive Load & 4. Engagement &
Learning Satisfaction

6. Comfort &
O Dl:' Task Performance

5. Authenticity &
Trust
Representative Methods

questionnaires, interviews, observation, task-based testing,
accessibility audits, think-aloud protocols, qualitative feedback

Figure 3. UX evaluation framework for automated digital heritage systems.

The evaluation dimensions discussed in this section can be translated into practical ques-
tions and assessment methods. This is important because UX evaluation in digital heritage
should not remain a general statement of intent, but should be connected with observable user
responses, interaction difficulties, accessibility barriers, learning outcomes, and trust-related
perceptions. Table 3 summarizes key UX dimensions and links them with indicative questions
and suitable methods that may be used in automated digital heritage contexts.
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Table 3. UX evaluation dimensions and suitable methods for automated digital heritage systems.

Evaluation Dimension

Indicative Questions

Possible Methods

Usability [142-153]

Can users understand the system,
navigate it, and complete basic actions
without unnecessary assistance?

Usability questionnaires, task-based
testing, observation, think-aloud
protocols, error analysis, SUS,
task-completion testing, error-rate
analysis, observation,

think-aloud protocols.

Accessibility [157,160-168]

Can users with different abilities,
sensory needs, or digital skills access
the content meaningfully?

Accessibility audits using WCAG 2.2,
ISO/IEC 40500, and, where relevant,
EN 301 549; assistive technology
testing; expert review; user testing
with participants with visual, motor,
cognitive, sensory, and
neurodivergent profiles; assessment
of keyboard navigation,
screen-reader compatibility, captions,
contrast, interaction pace, alternative
navigation, tactile readability, and
multimodal support.

Cognitive load [169-176]

Does the system help users focus on
heritage content, or does the interface
create unnecessary mental effort?

Cognitive load questionnaires,
observation, task performance
analysis, user interviews, NASA-TLX,
task-difficulty ratings, observation of
hesitation or overload,

post-task interviews.

Engagement [171-178]

Does the experience encourage
attention, curiosity, exploration, and
continued interaction?

Post-experience questionnaires,
interviews, behavioral observation,
interaction logs, UEQ, AttrakDiff,
satisfaction questionnaires,
interviews, behavioral observation.

Learning effectiveness [169-178]

Do users understand, remember, and
interpret the cultural content more
effectively after the experience?

Pre/post questions, learning tasks,
reflective prompts, group discussion,
qualitative feedback

Perceived authenticity [179-188]

Do users understand the status of the
digital object, replica, or
reconstruction, and do they perceive
it as credible?

Questionnaires, interviews,
comparative evaluation,
explanation-based feedback

Trust [179-188]

Do users trust the representation, the
institution, and the interpretation
provided through the workflow?

Trust scales, interviews, transparency
checks, user comments on
reconstruction choices

Comfort [157,160-163,169-176]

Is the experience physically and
cognitively comfortable, especially in
XR or interactive environments?

Comfort questionnaires, observation,
session-duration monitoring, reports
of fatigue or discomfort

Task completion [151-153]

Can users complete intended tasks
such as locating information,
activating content, comparing
models, or following a route?

Task completion rate, time-on-task,
error count, assistance requests,
interaction observation

Inclusiveness [157,160-168]

Does the workflow support
meaningful participation rather than
only symbolic or partial access?

Participatory evaluation, co-design
sessions, accessibility testing,
interviews with target user groups
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It should also be noted that the evaluation dimensions discussed above do not neces-
sarily have the same weight in every digital heritage application. Their relative importance
depends on the intended context of use, the user groups involved, the type of output,
and the institutional objectives of the workflow. For example, in an XR-based museum
experience, navigation, comfort, cognitive load, and interaction quality may be weighted
more strongly, because disorientation or discomfort can directly affect participation. In
a tactile-accessibility scenario, tactile readability, safe handling, audio support, and in-
clusiveness may become primary criteria. In educational settings, learning effectiveness,
cognitive load, and engagement may be more important than visual realism alone. For
museum professionals, transparency, documentation quality, metadata, paradata, and
reusability may carry greater weight. Therefore, UX evaluation should be understood as a
context-sensitive process. The dimensions proposed in this review can be used as a flexible
evaluation framework, but their weighting should be adapted according to the target users,
the purpose of the workflow, and the expected form of cultural interaction.

The reviewed evaluation literature also shows that UX assessment in digital heritage
remains methodologically fragmented. Some studies rely mainly on satisfaction question-
naires or post-use impressions, while others examine usability, task performance, cognitive
workload, accessibility, learning outcomes, or perceived authenticity. This diversity reflects
the multidimensional nature of UX, but it also limits comparability across studies. Short-term
evaluations may capture initial engagement but not sustained learning, repeated use, or long-
term institutional adoption. Similarly, evaluations conducted with general visitors may not
reveal accessibility barriers experienced by disabled users or older adults. Future evaluation
studies should therefore combine quantitative and qualitative methods, report user profiles
more clearly, and connect UX outcomes with specific workflow decisions, such as capture
quality, model simplification, tactile design, XR navigation, and hybrid interaction.

6. Design Challenges and Implementation Barriers

This Although automated digital heritage workflows offer important opportunities
for documentation, education, accessibility, and public engagement, their implementation
remains complex. The integration of 3D scanning, digital model processing, additive manu-
facturing, XR, metadata systems, and user-facing interfaces requires technical coordination,
institutional readiness, and human-centered design decisions. Recent work on heritage
transformation shows that digital change should be understood as a systemic process
rather than a simple technological upgrade [189]. Similarly, studies on Al, digital heritage,
and immersive access highlight challenges related to governance, inclusiveness, platform
interoperability, authenticity, and responsible interpretation [190,191]. These barriers are
particularly visible when digital workflows are expected to serve both professional needs
and public-facing user experiences. A technically efficient workflow may still fail if it is too
expensive, too difficult to maintain, poorly integrated into museum practice, uncomfortable
for users, or insufficiently accessible [192,193].

6.1. Technical and Workflow Barriers

One of the main barriers in automated digital heritage workflows is technical complex-
ity. The full workflow may involve different capture systems, modelling software, mesh
repair tools, file formats, slicing software, XR development environments, web platforms,
metadata repositories, and display devices. Each stage may function well in isolation, but
the connection between stages can become difficult to manage. A 3D model produced
for documentation may not be immediately suitable for additive manufacturing, web
visualization, or real-time XR interaction without further processing [194].
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In practical museum and cultural-institution settings, the implementation of integrated
digital heritage workflows is also constrained by operational factors that go beyond the
availability of individual technologies. Financial cost remains a central limitation, since
even relatively low-cost workflows may require capture devices, lighting equipment,
computing resources, software licenses, storage infrastructure, maintenance, and staff
time. Staff training is equally important, because 3D capture, model processing, metadata
preparation, additive manufacturing, XR development, and UX evaluation require different
technical and interpretive skills. Interoperability can also become problematic when models,
metadata, textures, printing files, and XR assets must move across different software
environments, file formats, and institutional platforms. Long-term maintenance further
complicates adoption, as digital assets require version control, preservation planning,
hardware updates, software compatibility checks, and clear responsibility for future reuse.
These factors show that the feasibility of a human-centered digital heritage workflow
depends not only on technical quality or user-facing design, but also on whether the
institution can support the workflow financially, organizationally, and infrastructurally
over time.

File compatibility remains a recurring issue. Heritage workflows often depend on
different formats for point clouds, meshes, textures, metadata, printable models, and XR-
ready assets. Converting between formats can lead to loss of information, texture errors,
scale inconsistencies, or broken links between geometry and documentation [195]. These
problems are not only technical; they also affect user experience. If models load slowly,
appear incorrectly, or cannot be reused across platforms, the final application becomes less
reliable for visitors, educators, and museum professionals.

Metadata and paradata management add another layer of difficulty. Digital heritage
assets need contextual information, provenance records, processing history, authorship data,
uncertainty notes, and reuse conditions. Without these elements, models may be visually
attractive but weak as cultural or educational resources [196]. Semantic interoperability is
therefore essential, especially when digital assets are expected to move between institutional
repositories, HBIM environments, XR platforms, and public-facing applications [197].

Processing time is also a practical barrier. High-quality 3D capture, alignment, clean-
ing, segmentation, optimization, and output preparation can require considerable expertise
and time. Even when some steps are automated, human supervision is still needed to
check whether the output remains meaningful and appropriate for its intended use [198].
Automated simplification, for example, may improve performance but remove features
that matter for interpretation. Similarly, automatic repair may make a model printable but
introduce geometry that was not documented.

Another difficulty concerns scalability. A workflow that works for one object, one
exhibition, or one research project may not be easy to scale to a full museum collection or a
long-term institutional programme [199]. The larger the number of digital assets, the more
important issues such as storage, naming conventions, metadata standards, repository
structure, version control, and long-term preservation become [200]. These factors are often
underestimated at the beginning of digital heritage projects, when attention is focused
mainly on producing visible outputs.

The integration of 3D scanning, AM, and XR also requires careful planning. A model
prepared for printing may need thickness, structural stability, and support considerations,
while a model prepared for XR may need polygon reduction, texture optimization, lighting,
and interaction design. A single “master model” is rarely sufficient for every purpose [201].
Institutions therefore need workflows that can generate different derivatives from the same
source data while preserving traceability and documentation.

https:/ /doi.org/10.3390/app16147062


https://doi.org/10.3390/app16147062

Appl. Sci. 2026, 16, 7062

26 of 45

Cost is another limitation. Equipment, software licenses, storage infrastructure, main-
tenance, staff time, and specialist services can create barriers, particularly for smaller
institutions or educational settings [202]. Open-source tools and web-based platforms can
reduce costs, but they may still require technical knowledge and long-term support [203].
As a result, technical sustainability depends not only on choosing appropriate technologies,
but also on designing workflows that institutions can realistically maintain.

6.2. Human and Institutional Barriers

Human and institutional barriers are often as significant as technical ones. Museums,
schools, archives, and cultural organizations may recognize the value of digital heritage
technologies, but still struggle to adopt them in everyday practice. Barriers may include lim-
ited staff time, lack of training, fragmented responsibilities, uncertain funding, insufficient
digital strategy, and competing institutional priorities [204]. In many cases, digital her-
itage projects depend on temporary research funding, external collaborators, or individual
enthusiasm, which makes long-term continuity difficult.

Training is a central issue. Museum professionals and educators may need to under-
stand not only how to operate a specific device or software tool, but also how the workflow
affects interpretation, accessibility, data management, and user experience. Without ade-
quate training, digital technologies may be used superficially, or they may remain unused
after the initial project phase [205]. Staff confidence is therefore important. A system that
appears too complex may be avoided, even if it has strong technical potential.

Acceptance by heritage professionals also depends on whether the workflow respects
curatorial and educational responsibilities. Automation can reduce repetitive work, but it
may also create concern if professionals feel that interpretive decisions are being hidden
inside software processes [206]. For example, automated reconstruction, Al-assisted con-
tent generation, or algorithmic metadata enrichment may raise questions about accuracy,
authorship, and accountability. These issues can affect institutional trust in the workflow.

Resource limitations are particularly important for smaller museums and regional
cultural organizations. Such institutions may have rich collections and strong community
relevance, but limited budgets, staff, equipment, and technical infrastructure [207]. For
them, the main question is not whether advanced digital heritage workflows are desir-
able, but whether they are feasible. Workflows that require high-end devices, constant
software updates, or specialized staff may widen the gap between well-resourced and
under-resourced institutions.

Institutional workflows can also be difficult to change. Existing practices for catalogu-
ing, exhibition design, educational programming, conservation documentation, and public
communication may not easily accommodate 3D models, XR applications, or additive
manufacturing outputs [208]. Digital heritage implementation therefore requires coordina-
tion between departments and roles. Curators, educators, designers, IT staff, accessibility
specialists, and external developers may need to work together from the beginning rather
than treating digital production as a separate technical task.

Another barrier concerns the evaluation culture of institutions. Digital heritage projects
are sometimes judged by whether they produce visible outputs, such as a virtual tour,
an app, or a set of 3D models. However, fewer projects are systematically evaluated in
terms of user experience, accessibility, learning value, maintenance needs, and long-term
reuse [209]. Without evaluation, institutions may repeat the same design problems or invest
in technologies that do not meaningfully serve users.

Digital literacy differences among users also affect institutional decisions. Museums
and educational organizations serve audiences with different levels of comfort with digital
tools, including children, older adults, visitors with disabilities, tourists, students, and
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remote users. A workflow that assumes high digital familiarity may exclude part of the
intended audience [210]. This means that institutions must make careful decisions about
interface simplicity, device choice, staff support, and alternative non-digital or low-tech
access routes.

Finally, implementation depends on strategic alignment. Digital heritage should not
be treated as an isolated innovation layer added to existing practice. It should be connected
with the institution’s mission, audience development, accessibility policy, educational
goals, and sustainability planning [211]. When this connection is weak, digital projects
may remain impressive but temporary. When it is strong, automated workflows can
become part of a more stable institutional approach to cultural access, education, and
public engagement [212,213].

6.3. Accessibility and Ethical Barriers

Accessibility and ethics are central barriers in automated digital heritage workflows
because these systems directly shape how cultural content is represented, mediated, and
experienced. Digital technologies are often presented as tools that automatically widen
access, but this assumption can be misleading. A virtual museum, XR application, or
3D-printed replica may still exclude users if it relies too heavily on vision, complex naviga-
tion, expensive devices, inaccessible interfaces, or unsupported interaction modes [214].

Overreliance on visual interfaces is one of the most persistent barriers. Many digital
heritage systems prioritize visual realism, photorealistic rendering, or immersive display,
while giving less attention to tactile, auditory, cognitive, and physical accessibility [215].
This can limit access for visually impaired users, older adults, people with cognitive
disabilities, or users who experience discomfort in immersive environments. Inclusive
design therefore requires more than adding subtitles or alternative text; it requires designing
different routes into the same cultural content.

Ethical concerns also arise in relation to digital reconstruction and representation. When
missing parts are reconstructed, colours are estimated, contexts are recreated, or historical
figures are simulated through Al, users may not always understand which elements are
documented and which are interpretive [216]. If this distinction is unclear, digital heritage
systems may produce a false sense of certainty. Transparency about uncertainty, reconstruction
choices, and automated processes is therefore essential for responsible interpretation.

Generative Al introduces further challenges. Al-supported tools can help produce
interpretive texts, historical characters, reconstructions, and personalized guidance, but
they may also introduce bias, hallucination, cultural simplification, or inaccurate repre-
sentation [217]. In heritage contexts, these risks are particularly sensitive because they
concern collective memory, identity, and cultural authority. Al should therefore support
expert interpretation rather than replace it, and its outputs should be checked for accuracy,
cultural sensitivity, and appropriateness.

Authenticity is another ethical issue. Digital replicas, virtual reconstructions, and Al-
generated interpretations can enrich access, but they also change the relationship between
users and original cultural objects. Users may value a digital experience emotionally, even
when it is not materially authentic. This is not necessarily a problem, provided that the
system clearly explains what kind of representation is being offered [218]. Ethical design
should help users understand the status of the digital object without undermining its
educational or experiential value.

Data governance and ownership also require attention. Digital heritage assets may include
images, 3D models, metadata, community knowledge, intangible heritage, or culturally sensitive
material. Decisions about storage, access, reuse, licensing, and platform dependency can affect
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who controls cultural data and how it is used [219]. These issues become more complex when
commercial platforms, Al tools, or external developers are involved.

Accessibility is also linked with participation. Inclusive workflows should not only
produce outputs for disabled users or underrepresented communities, but should involve
them in design, testing, and interpretation whenever possible [220]. Participatory and
co-design approaches can reveal barriers that may not be visible to technical teams or
museum professionals. They can also help avoid symbolic inclusion, where accessibility is
claimed but not meaningfully experienced by users.

Finally, ethical implementation requires balance. Digital heritage workflows must
balance automation with human interpretation, openness with protection, engagement
with accuracy, and innovation with cultural responsibility [221]. This balance is difficult,
but necessary. Automated systems should make heritage more accessible and meaningful
without weakening professional accountability or cultural sensitivity [222]. For this reason,
the future of digital heritage should not be measured only by technical sophistication, but
also by the degree to which systems are transparent, inclusive, sustainable, and respectful
of the cultural meanings they mediate [223].

The challenges discussed in this section show that UX-oriented digital heritage workflows
depend not only on the availability of advanced technologies, but also on their practical
integration into institutional, educational, and museum contexts. Technical barriers, limited
resources, accessibility gaps, and ethical uncertainties can all affect how users experience,
trust, and benefit from automated systems. Table 4 summarizes the main barrier categories,
their UX consequences, and possible mitigation strategies, while also preparing the transition
toward future directions for more adaptive and inclusive digital heritage workflows.

Table 4. Design challenges and mitigation strategies for UX-oriented automated digital heritage workflows.

Barrier Category

Main Problem

UX Consequence

Suggested Mitigation

Technical complexity [189-198]

3D scanning, model processing,
additive manufacturing, and XR
tools often require specialized
knowledge and careful
parameter control

Users and institutions may
struggle to implement, maintain,
or adapt the workflow without
expert support

Use simplified workflows, clear
documentation, modular
toolchains, and

user-friendly interfaces

Interoperability [189-198]

Files, platforms, metadata
structures, and software
environments may not
communicate smoothly across
the workflow

Digital assets may become
difficult to reuse, transfer, update,
or integrate into different
user-facing systems

Adopt open formats,
standardized metadata, workflow
documentation, and
platform-independent assets

Processing time [199-203]

Capture, cleaning, optimization,
printing, and XR preparation can
be time-consuming

Delays may reduce feasibility in
classroom, museum, or
project-based settings

Automate repetitive tasks where
appropriate, use predefined
settings, and plan realistic
production timelines

Cost [199-208]

Equipment, software, materials,
maintenance, and staff time can
create financial barriers

Smaller institutions may be
unable to sustain or scale digital
heritage experiences

Use scalable solutions,
open-source tools, shared
infrastructure, low-cost materials,
and phased implementation

Lack of training [204-213]

Staff, educators, or heritage
professionals may lack confidence
with digital tools and

automated workflows

Systems may remain underused,
poorly maintained, or dependent
on external specialists

Provide hands-on training,
internal guidelines, peer support,
and gradual skill-

building activities

Weak institutional workflows
[204-218]

Digital heritage activities may be
treated as isolated projects rather
than embedded practices

Outputs may not be preserved,
updated, evaluated, or reused
after the initial implementation

Connect digital workflows with
collection management, education
planning, accessibility policy, and
long-term archiving

Accessibility gaps [214-223]

Interfaces, replicas, XR
environments, or interpretive
layers may not address diverse
sensory, cognitive, or digital needs

Some users may experience
partial access, exclusion,
confusion, or discomfort

Apply inclusive design,
accessibility audits, co-design,
multimodal content, and testing
with diverse user groups
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Table 4. Cont.

Barrier Category

Main Problem UX Consequence Suggested Mitigation

Ethical and authenticity issues
[219-223]

Automated reconstruction, visual
enhancement, or immersive
presentation may blur the line
between documentation

and interpretation

Users may misunderstand
uncertainty, overtrust
reconstructions, or misinterpret
cultural meaning

Provide transparency, paradata,
uncertainty markers, curatorial
explanation, and

responsible interpretation

Al-related uncertainty [219-223]

Al-assisted processing or
interpretation may introduce
opaque decisions, bias, or
uncontrolled modification of
heritage content

Use human-in-the-loop oversight,
explainable processing steps,
documented decisions, and clear
limits for Al-generated content

Trust may be weakened if users or
professionals cannot understand
how outputs were generated

7. Future Directions for UX-Oriented Automated Heritage Systems

Future digital heritage workflows should not be evaluated only by the degree to which
they become more automated, visually realistic, or technically complex. Their real value
will depend on whether automation can support more inclusive, adaptive, transparent, and
meaningful cultural experiences. Emerging research on immersive heritage, digital par-
ticipation, Al-supported cultural interpretation, and design-oriented heritage workflows
suggests that the next stage of development should combine technical innovation with
stronger attention to human needs [224,225]. In this context, future systems will need to
move beyond one-size-fits-all interfaces and develop more flexible forms of interaction,
personalization, and multimodal access [226]. At the same time, co-design, participa-
tory evaluation, and responsible representation will become increasingly important, espe-
cially when digital heritage systems address diverse user groups and culturally sensitive
content [227]. The future of automated heritage workflows should therefore be understood
as a convergence of intelligent processing, inclusive design, sustainable implementation,
and user-centered evaluation [228].

7.1. Al-Assisted and Adaptive Workflow Optimization

Artificial intelligence is likely to play an increasingly important role in digital heritage
workflows. Al-assisted tools can support image classification, metadata enrichment, object
recognition, semantic annotation, knowledge graph construction, content recommendation,
reconstruction support, and user interaction. In automated workflows, these tools may reduce
manual workload and help institutions manage larger volumes of cultural data [229,230].
However, the most promising direction is not simply faster processing. It is the development
of adaptive workflows that can respond to different objects, platforms, user groups, and
interpretive goals.

Knowledge graphs and semantic technologies can support this direction by connecting
objects, narratives, metadata, historical information, user queries, and digital assets into
more structured systems [231]. When combined with Al, such structures may enable more
meaningful retrieval, contextualization, and personalization. For example, a visitor could
receive explanations adapted to age, prior knowledge, language preference, or accessibility
needs, while a museum professional could access provenance, paradata, and technical
information through a more structured interface [232].

Large language models and multimodal models may also influence future digital
heritage applications. They can support conversational guides, multilingual interpretation,
educational dialogue, automated summaries, and contextual storytelling [233]. In archaeo-
logical and cultural heritage contexts, however, these models should be used with strong
human supervision. Their ability to generate plausible explanations is valuable, but it also
creates risks when uncertainty, cultural sensitivity, or historical accuracy are involved [234].
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Al-assisted generation of cultural content is another area of future development.
Generative tools can help produce visual concepts, reconstructions, patterns, educational
narratives, and interactive scenarios [235]. Such tools may be useful in design-oriented
heritage interpretation, especially when they are grounded in curated datasets and reviewed
by domain experts. The challenge is to ensure that generated outputs do not replace
documented evidence or present speculative material as fact.

Adaptive systems may also support more responsive user experiences. Instead of
presenting the same content to every user, future digital heritage applications could adjust
information depth, navigation support, interaction pace, or sensory modality according
to user needs [236]. For example, a novice user might receive guided explanations and
simplified navigation, while an expert user could access deeper metadata or comparative
views. Similarly, users with accessibility requirements could activate audio-first, tactile-
supported, low-motion, or simplified modes.

Al-supported recommendation systems could also help users navigate large digital
collections. Rather than leaving users to search through disconnected objects, adaptive
systems could suggest thematic paths, related artefacts, historical connections, or educa-
tional activities [237]. This would be particularly useful in virtual museums and digital
repositories, where abundance of content can become a usability problem.

The same logic applies to digital twins and extended heritage models. Future systems may
link geometric data, semantic information, interaction records, and institutional documentation
into richer user-facing environments [238]. However, these systems should remain transpar-
ent. Users and professionals should be able to understand whether information comes from
documentation, expert interpretation, automated inference, or generative reconstruction.

Human-in-the-loop design will therefore be essential. Al should assist the workflow,
not remove expert responsibility. Museum professionals, educators, accessibility special-
ists, and users should remain involved in defining what is appropriate, meaningful, and
culturally responsible [239]. Automated optimization should be evaluated not only by
speed or efficiency, but also by interpretive quality, trustworthiness, inclusiveness, and user
understanding [240].

Finally, future Al-supported workflows should include mechanisms for uncertainty
communication. Missing data, reconstructed elements, inferred relationships, and Al-
generated content should be clearly marked when they influence the user experience [241].
This will help preserve trust while still allowing digital heritage systems to benefit from
intelligent automation.

7.2. Personalized, Multisensory, and Inclusive Interaction

A second important future direction concerns the development of more personalized
and multisensory heritage experiences. Many current digital heritage systems remain
strongly visual, even when they use advanced XR technologies. Future systems should
move toward richer combinations of visual, auditory, tactile, spatial, gestural, and possibly
olfactory interaction, especially when the goal is inclusive access [242]. Multisensory
design can help users experience heritage through more than one channel and can support
different abilities, learning preferences, and engagement styles.

Haptic interaction is likely to become increasingly relevant. Tactile replicas, tangi-
ble interfaces, vibration feedback, force feedback, and haptic controllers can help users
understand form, texture, movement, and spatial relationships [243]. However, haptic
design should be guided by function rather than technological novelty. High-fidelity haptic
systems may increase immersion, but they may also increase cost, complexity, cognitive
load, or discomfort if not carefully designed [244].
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Personalization can also support accessibility. Users should be able to adjust text size,
audio speed, interaction pace, navigation complexity, language, level of detail, and sensory
modality. Such flexibility is especially important for older adults, visually impaired users,
users with learning differences, children, and remote audiences [245]. A future-oriented
heritage system should not assume a single ideal user. It should allow different users to
approach the same cultural content through different routes.

Multimodal interaction can also improve learning. When users can see, hear, touch, move,
and respond, they may develop stronger spatial and emotional connections with heritage
content [246]. For example, an XR environment may provide visual context, while a physical
replica supports tactile exploration and an audio layer explains historical meaning. This
combination can help users connect abstract information with embodied experience.

Game-based and interactive approaches will likely continue to develop, especially for
younger audiences and educational contexts. Serious games, cultural simulations, interac-
tive challenges, and role-based experiences can motivate participation when they are linked
with clear learning goals [247]. Future systems should avoid superficial gamification and
instead use interactivity to support interpretation, reflection, and cultural understanding.

Future heritage experiences may also become more socially interactive. Multi-user
XR environments, shared virtual spaces, collaborative museum games, and co-present
digital tours can allow users to explore cultural content together [248]. This is important
because heritage interpretation is often social. People discuss, compare, ask questions,
and construct meaning collectively. Digital systems should therefore support not only
individual immersion, but also shared engagement.

Inclusive game development and open platforms may also contribute to this direction.
When diverse stakeholders participate in the creation of cultural games or XR experiences,
the resulting systems may better reflect different needs, identities, and expectations [249].
Such approaches can help digital heritage move away from top-down dissemination and
toward more participatory cultural interaction.

Mobile and location-based technologies will remain important because they are more
accessible than many high-end XR systems. Smartphones, tablets, QR codes, NFC tags, and
web-based tools can connect physical sites, printed replicas, and digital content at relatively
low cost [250]. These tools may be especially useful for schools, small museums, regional
heritage sites, and community-based cultural initiatives.

Future systems should also support continuity between physical and digital visits.
Users may prepare for a museum visit online, interact with objects on site, and continue
learning afterward through digital content [251]. This continuity can strengthen engage-
ment and make heritage experiences less dependent on a single visit or device.

The overall direction should therefore be toward adaptive multimodality. Instead
of designing one impressive interface, future digital heritage workflows should generate
flexible experiences that combine physical, digital, tactile, immersive, and narrative layers
according to user needs [252]. This is where automation can be particularly valuable: not by
standardizing the same output for everyone, but by helping institutions manage multiple
accessible versions of the same cultural content.

7.3. Co-Design, Evaluation Standards, and Sustainable Implementation

The future of UX-oriented automated heritage systems will also depend on stronger
methods for co-design, evaluation, and sustainable implementation. Digital heritage
projects often involve many stakeholders: curators, conservators, educators, designers, soft-
ware developers, accessibility experts, community members, visitors, students, and policy
actors. Future workflows should include these groups earlier and more systematically in
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the design process [253]. Co-design can help identify real needs, avoid assumptions, and
create systems that are more likely to be accepted and used.

Participatory methods are especially important for accessibility. Users with disabilities,
older adults, children, and underrepresented communities should not only be treated as
final recipients of digital heritage systems. They should be involved as testers, advisors,
co-creators, and interpreters where appropriate [254]. This can help reveal barriers that
designers may overlook, such as confusing navigation, inadequate tactile information,
inaccessible language, physical discomfort, or culturally inappropriate representation.

Future research should also move toward clearer evaluation standards. Many digital
heritage projects report positive user responses, but the evaluation methods are often
difficult to compare across studies [255]. More consistent reporting of user profiles, tasks,
measures, devices, context of use, accessibility features, and limitations would make the
field stronger. This does not mean that all projects need to follow the same evaluation pro-
tocol, but it does mean that studies should provide enough detail for others to understand
what was tested and why:.

Impact assessment will also become more important. Digital heritage systems should
be evaluated not only immediately after use, but also in terms of long-term educational,
social, institutional, and accessibility outcomes [256]. For example, a museum may need
to know whether an XR application increases meaningful engagement, whether printed
replicas improve inclusive access, or whether an online platform actually reaches new
audiences. Such evaluation can support better decisions about future investment.

Sustainability is another key future direction. Automated digital heritage workflows
should be designed so that institutions can maintain them after the initial project ends. This
includes affordable tools, clear documentation, reusable assets, open or interoperable formats,
staff training, and realistic maintenance plans [257]. Without sustainability planning, digital
heritage projects may become temporary demonstrations rather than lasting resources.

Low-cost and frugal innovation approaches are also important. Not every institution can
afford advanced scanners, head-mounted displays, custom XR development, or complex Al
systems. Future workflows should therefore include scalable options, from high-end implemen-
tations to lightweight versions based on mobile devices, open-source software, web platforms,
and affordable fabrication tools [258]. This is especially relevant for small museums, schools,
community heritage organizations, and regional cultural institutions.

Standardization should also support reuse. Digital heritage assets should be easier to adapt
across different outputs, such as web visualization, XR, additive manufacturing, educational
material, and accessible interpretation. This requires better documentation of source files,
processing decisions, metadata, paradata, and user-facing adaptations. Standardization should
not reduce creativity; rather, it should make creative reuse more reliable.

Future systems should also address cultural and ethical sustainability. Digital her-
itage workflows should respect provenance, community values, cultural sensitivity, and
responsible representation. Automated systems must be designed so that efficiency does
not override context or meaning. In particular, Al-assisted tools should remain accountable
to human expertise and community perspectives.

Finally, future digital heritage research should develop stronger bridges between
technical development and real-world adoption. Many prototypes demonstrate what is
possible, but fewer studies examine how systems are integrated into institutions over
time. The next stage of the field should therefore focus on workflows that are not only
innovative, but also usable, inclusive, maintainable, and meaningful in everyday museum
and educational practice.

In this sense, the future of automated digital heritage is not only technological. It
is organizational, educational, ethical, and social. The most successful systems will be
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those that use automation to support human interpretation, broaden participation, reduce
barriers, and create cultural experiences that remain valuable beyond the moment of
technological novelty.

Future research should move toward more systematic and comparable evaluation of
integrated digital heritage workflows. Longitudinal UX studies are needed to examine
whether engagement, learning, accessibility, and perceived authenticity remain stable be-
yond short-term demonstrations or first-use novelty effects. Cross-cultural evaluations
would also be valuable, since users from different cultural, educational, linguistic, and insti-
tutional contexts may interpret digital replicas, XR reconstructions, and hybrid experiences
differently. Al-assisted personalization represents another important research direction,
particularly for adaptive guidance, multilingual interpretation, automated semantic annota-
tion, and individualized accessibility support; however, such systems should be evaluated
in relation to transparency, bias, provenance, and interpretive responsibility; however, such
systems should be evaluated in relation to transparency, bias, provenance, and interpre-
tive responsibility. Further work is also needed on multimodal accessibility assessment,
including combined visual, auditory, tactile, motor, cognitive, and neurodivergent user
needs. Finally, the field would benefit from standardized benchmarking frameworks that
compare integrated workflows across usability, accessibility, cognitive load, engagement,
trust, technical sustainability, and institutional feasibility.

7.4. Hlustrative Application of the Proposed Workflow

To clarify the practical relevance of the proposed human-centered workflow, an illus-
trative application can be considered in the context of a small or medium-sized museum
that wishes to improve access to a fragile cultural object that cannot be frequently handled
by visitors. The workflow would begin with the selection of the object and the definition
of target users, such as general visitors, students, older adults, visually impaired visitors,
remote users, and museum professionals. Digital capture could then be performed through
photogrammetry or structured-light scanning, depending on the object’s size, surface prop-
erties, available resources, and required level of detail. At this stage, acquisition quality,
scale control, and documentation would be checked before the model is reused.

The captured model would then be processed into different outputs according to user
needs. A high-detail version could be archived for documentation and professional reuse,
while a simplified and optimized version could be prepared for web visualization or XR
interaction. For physical access, the model could be adapted into a 3D-printed tactile replica,
with scale, relief, durability, safe handling, and tactile readability adjusted according to
accessibility requirements. The same object could also be linked to audio description, QR-
based interpretive material, or an AR layer showing missing context, original placement,
or alternative reconstructions.

UX evaluation would then be organized around the dimensions discussed in Section 5.
For visitors, usability, engagement, comfort, and perceived authenticity would be central.
For visually impaired or other disabled users, tactile readability, multimodal access, in-
teraction pace, and assistive compatibility would be prioritized. For educators, learning
effectiveness and cognitive load would be important, while museum professionals would
evaluate documentation quality, transparency, maintenance effort, and long-term reuse.
This example shows how the proposed framework can guide practical decision-making
across capture, processing, fabrication, XR, hybrid access, and evaluation without imposing
a single fixed technical protocol.

https:/ /doi.org/10.3390/app16147062


https://doi.org/10.3390/app16147062

Appl. Sci. 2026, 16, 7062

34 of 45

7.5. Limitations and Risks of Integrated Digital Heritage Workflows

Although integrated digital heritage workflows offer important opportunities for
access, interpretation, and reuse, their limitations should also be recognized. Technological
complexity can create dependence on specific hardware, software ecosystems, file formats,
and vendor platforms, making long-term maintenance and interoperability difficult for
museums and cultural institutions. XR applications may support immersion and remote
access, but they can also introduce accessibility barriers related to visual dependence, mo-
tion discomfort, device weight, navigation complexity, sensory overload, and the exclusion
of users who cannot comfortably use head-mounted displays or gesture-based interfaces.
Digital preservation is another concern, since 3D models, textures, metadata, XR assets,
and interactive applications require storage, version control, migration strategies, and
documentation if they are to remain usable over time. There is also a risk that technological
novelty may overshadow cultural interpretation, especially when visual realism, interactiv-
ity, or immersive effects become more prominent than provenance, context, uncertainty,
and meaning. For this reason, integrated workflows should be evaluated not only by
their technical sophistication, but also by their accessibility, sustainability, interpretive
responsibility, and ability to support meaningful cultural engagement.

8. Conclusions

This work examined automated digital heritage workflows from the perspective of user
experience, focusing on the way 3D scanning, digital model preparation, additive manufac-
turing, XR, and hybrid physical-digital interaction jointly affect cultural access. The main
synthesis emerging from the discussion is that UX is not created only at the final interface
stage. It is shaped progressively across the workflow. Capture quality affects model clarity
and trust; processing decisions influence transparency, performance, and reuse; additive
manufacturing determines whether digital information can become physically and tactilely
meaningful; XR introduces immersion and contextual interpretation, but also risks related to
navigation, comfort, cognitive load, accessibility, and hardware dependence.

The specific contribution of this review is therefore not the separate discussion of 3D
digitization, additive manufacturing, or XR, since these topics have already been examined
extensively in digital heritage literature. Its contribution lies in bringing these stages together
under a human-centered workflow perspective and linking them with UX requirements,
accessibility concerns, evaluation dimensions, and implementation barriers. This framing
helps shift attention from technological capability alone toward the conditions under which
digital heritage outputs can be understood, trusted, reused, and experienced by different user
groups. In this sense, the review complements technically oriented studies by emphasizing
the relationship between workflow decisions and user-facing cultural value.

Several practical implications follow from this synthesis. Digital heritage projects
should define their target users and intended forms of interaction before capture and
processing begin. Model preparation should preserve transparency about what has been
recorded, repaired, simplified, or reconstructed. Tactile replicas should be designed for
readability, safe handling, and interpretive support rather than for geometric reproduction
alone. XR environments should prioritize orientation, comfort, interaction clarity, and
cognitive manageability. Accessibility should be treated as a workflow requirement from
the beginning, not as a late-stage adaptation. For practitioners, the implementation of such
workflows should therefore be planned with attention to cost, staff training, interoperability,
infrastructure, maintenance, accessibility, and long-term digital preservation, rather than
focusing only on the production of visually impressive digital or physical outputs. Finally,
UX evaluation should be context-sensitive: the relative weight of usability, accessibility,
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learning, engagement, trust, comfort, and task performance should vary according to the
user group, institutional setting, and intended output.

The review also identifies research gaps that remain important for future work. More
studies are needed that connect technical workflow decisions with actual user evaluation,
especially across diverse groups including older adults, remote users, users with sensory or
motor impairments, neurodivergent users, and users with limited digital familiarity. Fur-
ther work is also needed on lightweight and sustainable workflows for smaller institutions,
long-term digital preservation strategies, transparent Al-assisted processing and personal-
ization, multimodal accessibility assessment, longitudinal and cross-cultural UX studies,
standardized benchmarking frameworks, and methods for weighting UX dimensions in
different heritage contexts. Future digital heritage systems should therefore be judged not
only by how accurately they digitize, fabricate, or visualize cultural material, but by how
responsibly and inclusively they mediate cultural meaning for real users.
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