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Abstract. Accessible interaction in immersive virtual environments remains largely constrained by visually driven design
paradigms, limiting meaningful engagement for users with visual impairments. Existing approaches to VR accessibility
often rely on application-specific adaptations, low-level sensory cues, or vision-centered augmentations, resulting in
fragmented and non-scalable solutions. This paper introduces a conceptual architecture for a semantic multimodal interface
that mediates access to immersive virtual environments through non-visual representations. The architecture operates
as a reusable interaction layer that translates visual information into coherent auditory and haptic feedback grounded in
semantic understanding, supporting users across the full spectrum of visual impairment, from total blindness to low vision.
Central to the architecture is the use of Vision Large Language Models as a semantic mediation layer, enabling dynamic
interpretation of visual scenes and context-aware multimodal feedback independent of application logic. The interface is
designed as a modular architecture that can be integrated into diverse VR applications, decoupling accessibility mechanisms
from scenario-specific implementations. The architecture is instantiated in heterogeneous immersive environments to
illustrate its generality and architectural feasibility. By treating accessibility as a foundational interface concern rather
than an add-on feature, this work contributes a design-oriented perspective for scalable, inclusive interaction in immersive
virtual environments.
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1 Introduction
Virtual Reality (VR) has increasingly established itself as
a robust technological medium for constructing immersive
digital environments capable of simulating real-world situ-
ations and supporting experiential forms of interaction De-
laney and Biocca [1995]. Differently from conventional two-
dimensional interfaces, VR environments enable users to en-
gage directly with spatially situated, three-dimensional con-
tent that evolves dynamically in response to user actions. This
characteristic fosters embodied interaction, where percep-
tion, movement, and cognition are closely coupled within the
virtual space Rubio-Tamayo et al. [2017]. As a result, VR
has been widely adopted across multiple domains, including
professional training, second-language acquisition, entertain-
ment, and STEM1 education, with empirical studies reporting
improvements in conceptual understanding, task efficiency,
engagement, and intrinsic motivation Anjos et al. [2024]. De-
spite these advances, the majority of VR applications remain
predominantly vision-centered, relying on graphical cues and
visual feedback as the primary means of interaction. This
design paradigm substantially constrains accessibility and di-
minishes the effectiveness of VR experiences for users with
visual impairments, who may be unable to perceive or inter-
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pret essential visual information Creed et al. [2024].
Visual impairment represents a heterogeneous set of sen-

sory conditions, spanning from complete blindness to various
forms of low vision (LV). Individuals with total blindness
typically rely on non-visual sensory channels—most notably
auditory and tactile perception—to navigate and understand
their environment. In contrast, people with low vision pre-
serve residual visual capacity, which may manifest as blurred
or distorted vision, tunnel vision, reduced visual acuity, or di-
minished contrast sensitivity, often resulting from conditions
such as cataracts or glaucoma (Figures 1 and 2 illustrate simu-
lated visual perception under these conditions). These impair-
ments impose significant challenges for spatial orientation,
object recognition, and safe navigation, frequently limiting
personal autonomy, independent mobility, and participation in
daily activities Leat et al. [1999]. Importantly, while assistive
tools such as white canes and guide dogs are well-established
solutions for individuals with total blindness, they do not fully
address the needs of LV users, who must continuously inte-
grate partial visual input with auditory and tactile cues. This
hybrid perceptual strategy requires adaptive assistive systems
capable of dynamically balancing multimodal information
rather than replacing vision entirely Pur et al. [2023].

Recent progress in multimodal artificial intelligence (AI)
has created new opportunities to address these accessibility
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Figure 1. Simulation of vision with cataract: the scene appears globally blurred, with reduced contrast and desaturated colors, creating a hazy, fog-like effect
that obscures fine details.

Figure 2. Simulation of vision with glaucoma: progressive loss of peripheral vision results in a “tunnel vision” effect, where only the central region remains
relatively clear while the periphery is darkened or absent.

challenges. In particular, Vision Large Language Models
(VLLMs)—which integrate computer vision techniques with
natural language processing (NLP)—enable systems to ana-
lyze visual scenes, extract semantic meaning, and generate
descriptive or instructional language grounded in visual in-
put. These models support bidirectional interaction, allowing
users not only to receive contextualized explanations of visual
content but also to issue natural-language queries about their
surroundings Shen et al. [2022]. By coupling perceptual in-
terpretation with linguistic reasoning, VLLMs facilitate more
adaptive, context-aware, and intelligible interactions in visu-
ally rich environments, representing a significant step toward
intelligent accessibility solutions Mott et al. [2019].

Nevertheless, despite the maturation of VR hardware
and the emergence of multimodal AI models, substantial ac-
cessibility barriers persist for users with visual impairments.
Prior research has identified recurring issues, including de-
layed or insufficient feedback during interaction, difficulties
in interpreting environmental responses within immersive
spaces, and limited usability of standard input devices such as
handheld controllers or gesture-based interfaces Heilemann
et al. [2021]; Yuan et al. [2011]. These obstacles often result
in increased disorientation and frustration, ultimately discour-
aging sustained use of VR systems by visually impaired users.
Such findings underscore the necessity of inclusive design
approaches that move beyond visual substitution and instead
leverage multimodal AI to support meaningful, equitable in-
teraction across diverse sensory capabilities.

In response to these challenges, the main contributions
of this paper are:

• A multisensory accessibility architecture for immer-
sive VR based on VLLMs. We propose a domain-
agnostic interaction architecture that integrates VLLMs
with auditory and haptic feedback to translate visual
scene information into semantically meaningful, non-
visual representations, enabling accessible navigation
and interaction for users with visual impairments.

• A reusable interaction layer decoupled from
application-specific logic. The proposed architec-
ture abstracts visual information into multimodal
representations that can be reused across different
VR applications, allowing accessibility features to be
integrated independently of the underlying environment
or task domain.

• The design and implementation of two VR scenar-
ios. We developed and evaluated the architecture in two
contrasting immersive environments—a classroom and
a hospital reception hall—to examine its applicability
across different spatial configurations and interaction
demands.

• An exploratory user study with visually impaired
participants. We conducted a study with blind and low-
vision users performing navigation and interaction tasks
using only auditory and haptic feedback. The results pro-
vide initial empirical evidence supporting the feasibility
of the proposed approach.

• An analysis of multimodal interaction in VLLM-
driven VR systems. We discuss how the combination of
generative AI and multisensory feedback impacts spatial
understanding, navigation behavior, and user experience,
as well as current limitations.

Finally, the remainder of this paper is structured as fol-
lows. Section 2 reviews the background and related work.
Section 3 presents the research method adopted to develop the
pipeline. Section 4 discusses the proposed multisensory acces-
sibility architecture, detailing its design principles. Section 5
describes the interface architecture and the implementation of
the architecture within immersive VR environments, includ-
ing the development of the classroom and hospital reception
scenarios. Section 6 outlines the evaluation and user study
protocol. Section 7 discusses the findings, limitations, and
broader implications, including ethical and societal consider-
ations. Finally, Section 8 concludes the paper and highlights
directions for future work.
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1.1 Ethical issues
The project was registered and approved by the Institu-
tional Ethics Committee (Protocol 88442725.6.0000.5083;
25.07.2025). The research involved user testing sessions to
evaluate the proposed accessibility architecture for immersive
virtual environments. All procedures followed established
ethical guidelines to ensure informed consent, participant
privacy, voluntary participation, and the minimization of po-
tential physical or psychological risks.

Given the involvement of participants with visual im-
pairments, particular attention was devoted to accessibility
and safety during the experimental sessions, including clear
task instructions, assisted setup when needed, and contin-
uous monitoring to prevent discomfort or disorientation in
immersive environments. Participants were informed about
the experimental nature of the system and its reliance on AI-
generated outputs, including the possibility of inaccuracies in
system responses.

The architecture relies on GPT-4o, a commercially op-
erated model accessed via API, which implies that rendered
scene data—including screenshots of the virtual environ-
ment—are transmitted to external servers for processing. The
use of VLLM is framed as assistive and mediating, with
explicit acknowledgment of potential biases and limitations
in generated content, and its use is disclosed in accordance
with the Brazilian Computer Society’s Code of Conduct and
COPE’s core practices. Future iterations of the architecture
should explore locally deployable open-source VLLMs as a
privacy-preserving alternative for sensitive institutional con-
texts such as healthcare and education. Also, personal data
collected during the study—including demographic informa-
tion and questionnaire responses—were handled in strict ac-
cordance with the Lei Geral de Proteção de Dados (LGPD), en-
suring that all data were anonymized prior to analysis, stored
securely, and used exclusively for the purposes outlined in the
informed consent form. No personal data were shared with
third parties or retained beyond the scope of this research.

A further ethical consideration concerns the potential
impact of model errors on users who rely exclusively on non-
visual feedback. Unlike sighted users who can independently
verify environmental information, visually impaired users
may be more vulnerable to the consequences of hallucina-
tions or spatially misleading outputs. This asymmetry rein-
forces the importance of transparency: users must be clearly
informed of the AI-generated nature of descriptions and the
possibility of inaccuracies, and the interface should provide
mechanisms for requesting repeated or alternative guidance.
Additionally, the architecture should be designed to scaffold
rather than substitute user agency, supporting the gradual
development of independent spatial reasoning rather than fos-
tering over-reliance on AI-mediated perception.

2 Background and Related Work
Effectively navigating and interacting within immersive digi-
tal environments presents a significant accessibility challenge
for individuals across the entire spectrum of visual impair-
ment Real and Araujo [2019]. While individuals with total
blindness depend exclusively on non-visual sensory channels,
such as haptics and audition, to build a mental model of their

surroundings, the needs of users with LV are uniquely com-
plex. Users with LV strive to leverage their residual vision,
but this ability is often compromised by conditions like blur,
tunnel vision, or poor contrast sensitivity. In visually dense
or dynamic scenes, relying solely on impaired vision can lead
to cognitive overload, navigational errors, and a diminished
sense of presence Fryer [2013]. Therefore, there is a criti-
cal need for robust non-visual feedback that can supplement
and disambiguate the limited visual information LV users
perceive, just as it must substitute vision entirely for those
who are totally blind.

VR environments intensify this challenge. By design,
they are powerful immersive platforms, but their efficacy is
overwhelmingly tied to high-fidelity visual feedback. This
paradigm inherently excludes users with total blindness and
can prove equally frustrating for LV users, who may find their
residual vision insufficient to reliably interpret the complex
spatial layouts and interactive elements common in VR. This
highlights a critical gap in assistive technology design: the
need for a unified architecture that can deliver meaningful,
contextual information through non-visual means Oliveira
et al. [2023]; Ortiz-Escobar et al. [2023], thereby supporting
both the complete substitution of vision for blind users and the
powerful supplementation of vision for LV users. These prior
works validate the foundational use of non-visual feedback for
VR navigation but also reveal a reliance on pre-scripted cues
or low-level sensory data. In the current study, we concentrate
on how generative AI—specifically VLLMs—can bridge this
gap. We investigate how translating the visual scene into
rich, semantic information supports not only mobility and
obstacle avoidance but also meaningful object interaction and
autonomous exploration for users across the visual impair-
ment spectrum.

A significant contribution aimed at LV users is SeeingVR
Zhao et al. [2019], a toolkit comprising 14 augmentations
for existing VR applications. The system offers a suite of
tools that users can combine and customize, including visual
enhancements like magnification, edge enhancement, and
brightness adjustments, as well as supplementary audio feed-
back. The architecture is designed for flexibility, allowing
developers to integrate the tools via a Unity toolkit or enabling
users to apply a subset of them post-hoc to an application
without developer intervention. While SeeingVR provides a
robust and effective solution for its target audience, its design
is fundamentally centered on augmenting and enhancing a
user’s residual vision. As such, its tools do not extend support
to individuals with total blindness. Furthermore, its method-
ology focuses on direct sensory augmentation rather than on
semantic interpretation of the environment. In contrast, our
current study leverages VLLMs to translate complex visual
scenes into rich, contextual information delivered through
non-visual modalities. This approach allows our architecture
to address the needs of both totally blind and LV users, fo-
cusing on providing a deeper, semantic understanding of the
virtual space rather than solely enhancing visual perception.

Beyond specific applications, broader literature reviews
have begun to map the emerging landscape of AI-driven ac-
cessibility in VR. For instance, Liu et al. [2024] highlight
the risk of a widening accessibility gap as VR becomes more
integrated into critical areas like education and employment,
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potentially disadvantaging users with disabilities. Their work
surveys the integration of AI into VR systems as a promis-
ing pathway to mitigate this risk, particularly for blind and
low vision users. The authors identify a significant gap in
the existing literature: a lack of comprehensive reviews that
synthesize the benefits, challenges, and future opportunities
of using AI to make VR accessible. By providing a structured
overview of current research, the review serves to consolidate
the field and underscores the need for more focused contri-
butions. This call for novel research directly validates the
direction of our study. Our work responds to the opportuni-
ties identified in such reviews by proposing and evaluating a
concrete architecture that operationalizes the use of advanced
AI to address the persistent accessibility challenges within
immersive environments.

Another approach focused on visual augmentation is
VRiAssist Masnadi et al. [2020], a tool that utilizes eye-
tracking to assist users with visual impairments in VR. The
core innovation of VRiAssist is its ability to project visual
corrections dynamically onto the specific area of the user’s
gaze, directly addressing the affected region of their retina.
The system includes several tools, such as distortion correc-
tion to counteract retinal irregularities, color and brightness
adjustments to improve contrast, and an adjustable magnifier.
The VRiAssist system represents a sophisticated method for
real-time visual enhancement, leveraging eye-tracking to de-
liver highly targeted corrections. However, similar to other
augmentation-focused tools, its design is exclusively centered
on users who retain a degree of functional vision (low vision)
and does not apply to individuals with total blindness. Our
research diverges from this approach by not attempting to cor-
rect or enhance the user’s visual perception directly. Instead,
our architecture focuses on translating the entire visual scene
into a cohesive, non-visual experience through semantic au-
dio and haptic feedback powered by AI, making it a viable
solution for a broader spectrum of visual impairments.

Finally, one more relevant approach to non-visual in-
teraction in VR is presented in Zhao et al. [2018], a haptic
cane controller that replicates white cane interactions in VR
through physical resistance, vibrotactile feedback, and spatial-
ized audio, enabling users to transfer existing cane navigation
skills into virtual spaces. While Canetroller represents a com-
pelling proof of concept for skill-based navigation, its design
is grounded in the physical metaphor of the white cane, which
presupposes familiarity with cane use and addresses primarily
the needs of users with total blindness. In contrast, the archi-
tecture proposed in this paper does not rely on prior assistive
tool experience or a specific interaction metaphor. Instead, it
employs VLLMs to generate semantic, context-aware descrip-
tions of the virtual environment on demand, complemented
by proximity-based haptic cues that are independent of any
physical analogue. This approach supports both individuals
with total blindness and those with LV, accommodating a
broader spectrum of perceptual strategies without requiring
users to map real-world motor skills onto virtual interaction.

The challenges of interpreting complex 3D environments
are particularly pronounced for users with permanent visual
impairments. These users can experience cognitive overload
when navigating data-rich or unfamiliar virtual environments
Freire et al. [2023], highlighting the need for systems that of-

fload visual information to other sensory channels. Providing
auditory summaries of a scene or haptic cues for navigation
can significantly support spatial understanding and task per-
formance. A central theme emerging from the literature is
the importance of developing systems that translate complex
visual data into meaningful, actionable information, making
virtual environments more accessible and navigable. Prior
work Giudice [2018]; Kane et al. [2011] indicates a clear
trajectory away from simple, low-level alerts (e.g., proximity
vibrations, directional beeps) and towards richer, contextual
representations of the environment.

Our study builds upon these prior works by proposing
a architecture that directly addresses this need for semantic
interpretation. This approach allows us to investigate how a
multisensory experience can also facilitate autonomous ex-
ploration and meaningful interaction for users with both total
blindness and low vision Fernandes et al. [2024], empowering
them with a deeper understanding of the virtual space.

3 Research Method
For the settlement of the framework, we established a method
structured into well-defined steps. Firstly, we conducted an
Ad-hoc literature review (Step 1) searching for studies on (i)
virtual environments with accessibility for visual disorders,
(ii) strategies to support non-visual navigation and exploration
in immersive 3D spaces, and (iii) integrating AI generative
models for accessibility in virtual environments. Regarding
topic (i), the review identified a consistent pattern in the litera-
ture: immersive VR systems remain predominantly designed
around visual interaction paradigms, which systematically
exclude users with total blindness and impose significant chal-
lenges on those with LV Creed et al. [2024]; Heilemann et al.
[2021]. Studies in this area documented recurring difficulties
in spatial orientation, object recognition, and independent
navigation, as well as the distinct needs of LV users, whose
reliance on residual vision requires supplementary rather than
substitutive feedback strategies Zhao et al. [2019]; Real and
Araujo [2019]. Research across diverse socio-economic con-
texts has further highlighted accessibility as a matter of social
equity, examining how technological advancements in VR
can inadvertently become barriers for underserved popula-
tions Silveira et al. [2024]; Fernandes et al. [2024]. For topic
(ii), reviewed works examined non-visual interaction tech-
niques employed in immersive 3D environments, including
spatialized audio, proximity-based haptic cues, and multi-
modal combinations Giudice [2018]; Yuan et al. [2011]. A
recurring limitation across these approaches was their reliance
on pre-scripted, low-level sensory mappings that constrain
adaptability and fail to convey higher-order semantic informa-
tion about the environment Ortiz-Escobar et al. [2023]; Fryer
[2013]. Guidelines proposed for the design of accessible in-
terfaces for users with visual impairments Silva et al. [2019]
further reinforced the need for adaptive, context-aware solu-
tions rather than fixed sensory substitution mechanisms. For
topic (iii), the review surveyed studies on the integration of
generative AI models for accessibility in virtual environments,
with particular focus on identifying which models were most
applicable to the demands of real-time scene interpretation
and natural language generation in immersive contexts Shen
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et al. [2022]; Mott et al. [2019]. Several multimodal mod-
els commonly used in computer vision tasks were identified
and compared, including their capacity for image description,
visual question answering, and context-sensitive language
generation Liu et al. [2023]. Among them, GPT-4o emerged
as the most suitable for the purposes of this application, given
its established performance in tasks involving visual scene
understanding and its ability to generate semantically coher-
ent, adaptive responses grounded in visual input Kuang et al.
[2025]; Wen et al. [2024]; Li et al. [2025b]. Following the se-
lection of the model, a series of input tests were conducted
by the authors to evaluate the quality of its responses (Step
2). These tests were conducted by submitting static screen-
shots captured from both virtual environments directly to
GPT-4o, independently of the Unreal Engine integration. The
user inputs were designed to cover two complementary di-
mensions of the model’s capability: its ability to produce
semantically coherent descriptions of the visual scene, and
its capacity to generate actionable navigational guidance to-
ward specific objects. For each input, the authors evaluated
whether the model’s response accurately reflected the content
of the image, whether the navigational instructions were spa-
tially consistent with the depicted environment, and whether
any hallucinations or object misidentifications occurred. The
model was initialized with a system prompt defining its role
as a non-visual navigation assistant, as shown in Figure 3. Fig-
ure 4 presents a concrete example of this validation process,
illustrating a user query submitted alongside a virtual environ-
ment screenshot and the corresponding response generated
by the model.

Additional examples of user inputs employed during
this validation phase are presented below, spanning queries
about general scene description, object localization, and goal-
oriented navigational guidance:

Scene description:
"What do you observe in the image?"
"Describe the room I am currently in."
"What objects are around me?"

Spatial orientation:
"What is in front of me?"
"What is to my left?"

Goal-oriented navigation:
"Take me to the nearest
chair so I can attend the class."
"Take me to the bookshelves."
"Guide me to the bathroom."
"Where is the exit?"

Object interaction:
"Is there a chair I can sit on nearby?"
"Can I interact with anything in
front of me?"
"What is on the desk?"

After validating the model’s responses through targeted
queries, the research advanced to the development of the
complete architecture in Unreal Engine (Step 3), integrated
with the selected VLLM. At this stage, the primary outcome of

Figure 3. System prompt used to configure GPT-4o as a non-visual navigation
assistant, defining its role, behavioral constraints, and response format prior
to user interaction.

the research is not the validation of a specific virtual scenario,
but the definition and implementation of a reusable multisen-
sory architecture capable of mediating access to immersive
environments for users with visual impairments. The archi-
tecture is organized around two complementary processing
flows, which together constitute its core interaction architec-
ture. In the auditory flow, the user issues a spoken query
about the virtual environment (e.g., “What can I perceive
around me?”). This input is transcribed using a Speech-to-
Text module (Whisper-Tiny), while a snapshot of the current
VR scene is simultaneously captured, encoded, and forwarded
to the VLLM (GPT-4o). The model interprets the visual scene
and generates a structured semantic response, which is sub-
sequently converted into audio via Text-to-Speech synthesis
and delivered to the user. This flow enables the transforma-
tion of visual content into meaningful auditory descriptions
grounded in the current spatial context. In parallel, the haptic
flow provides continuous non-visual feedback based on spatial
interaction within the virtual environment. The user’s posi-
tion and movement are monitored through Unreal Engine’s
collision and proximity detection mechanisms. As the user
approaches or interacts with virtual objects, programmable
force-feedback effects are triggered on the controller, convey-
ing proximity, direction, or contact through tactile cues. This
haptic channel complements auditory feedback by supporting
spatial orientation and interaction without requiring explicit
verbal queries.

Figure 4. Representative validation example: a user query submitted along-
side a screenshot of the virtual environment and the corresponding response
generated by GPT-4o.
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Together, these two flows form the conceptual and archi-
tectural foundation of the proposed architecture, enabling vi-
sually impaired users to navigate and interact with immersive
environments through semantically mediated audio descrip-
tions and tactile signals rather than direct visual perception,
as demonstrated in Figure 5.

To demonstrate the feasibility and generality of the ar-
chitecture (Step 4), it was instantiated within two distinct
immersive VR scenarios: a classroom and a hospital recep-
tion hall. These scenarios were selected as illustrative cases
representing environments with different spatial structures
and interaction characteristics, rather than as experimental
testbeds. Their purpose is to exemplify how the same archi-
tecture can be embedded within heterogeneous Unreal Engine
applications, supporting accessibility across diverse immer-
sive contexts without application-specific customization.

Building upon the architectural foundations established
in the previous steps, the research culminates in a conceptual
analysis and synthesis of design implications (Step 5), fo-
cusing on how the proposed architecture addresses identified
accessibility gaps, supports inclusive interaction, and enables
extensible integration within immersive systems. Rather than
reporting empirical performance metrics, this phase consol-
idates architectural insights and design considerations that
inform the development of accessible, multimodal interfaces
for virtual reality. The complete research process is summa-
rized in the methodological flowchart presented in Figure 6.

To empirically validate the proposed architecture, we
conducted a user study with participants with visual im-
pairments (Step 6). The study involved individuals with
total blindness and LV across both immersive scenarios, who
were asked to complete goal-oriented navigation tasks guided
exclusively by the multimodal feedback generated by the sys-
tem. Both quantitative data—such as task completion times
and number of collisions—and self-reported responses were
collected through structured questionnaires to evaluate the
architecture’s impact on spatial awareness, user confidence,
and sense of presence.

Finally, the experimental results were analyzed and
synthesized (Step 7), combining quantitative metrics and
subjective evaluations to derive empirical evidence of the
architecture’s feasibility and to identify opportunities for re-
finement. This phase consolidates both the technical and
experiential dimensions of the evaluation, informing future
iterations of the interface design. The complete research pro-
cess is summarized in the methodological flowchart presented
in Figure 6.

4 Design Rationale and Conceptual
Architecture

The design of accessible immersive interfaces for users with
visual impairments requires more than incremental adapta-
tions of visually driven systems Bendaly Hlaoui et al. [2019].
As discussed in the previous section, current VR accessibility
approaches remain fragmented, often limited to application-
specific solutions, low-level sensory cues, or vision-centered
augmentations. These limitations point to a broader design
challenge: enabling meaningful interaction and spatial under-
standing in immersive environments without assuming visual

primacy.
One way to address this challenge is to reframe accessi-

bility as a problem of semantic mediation rather than sensory
substitution. Creed et al. [2024] systematically identified and
mapped interaction barriers across a spectrum of impairments
in AR/VR environments—including visual, physical, cogni-
tive, and auditory disabilities—highlighting the pervasive na-
ture of accessibility gaps in immersive technologies. Building
upon this characterization of the problem space, the present
architecture proposes a concrete architectural response by con-
ceiving accessibility as a reusable interaction layer that can
be integrated across different VR applications and domains.
Its goal is to support users across the full spectrum of visual
impairment—from total blindness to LV—by translating vi-
sual information into coherent auditory and haptic feedback
grounded in semantic understanding, thereby promoting equi-
table access to immersive technologies regardless of sensory
ability Dudley et al. [2023]; Rodrigues et al. [2025].

This architecture is informed by principles of inclusive
and universal design Story [2001]; Persson et al. [2015] and
by prior research on multisensory interaction and cognitive
accessibility Giudice [2018]; Fernandes et al. [2019]. Recog-
nizing that visual impairment is not a binary condition, the
design emphasizes adaptability and user autonomy, enabling
users to construct mental models of virtual environments
through complementary sensory channels rather than relying
on vision alone.

Multimodality is central to this approach, not as a simple
aggregation of sensory outputs, but as an integrated interac-
tion paradigm. Auditory feedback conveys descriptive and
spatial information, haptic cues support directional and prox-
imity awareness, and semantic interpretation enables higher-
level understanding of objects, layouts, and interaction oppor-
tunities. To support this level of mediation, the architecture
employs VLLMs as a central interpretative layer, enabling
complex visual environments to be translated into adaptive,
non-visual representations.

The remainder of this section details the design rationale
underlying the architecture, outlining its design goals, inclu-
sive principles, multimodal interaction strategy, and the role
of Vision Large Language Models in supporting accessible
immersive interaction.

4.1 Design Goals
The design goals of the proposed architecture were defined to
address the limitations identified in existing accessibility so-
lutions for immersive virtual environments, particularly their
reliance on vision-centered interaction, application-specific
adaptations, and low-level sensory feedback.

Autonomy is a primary design goal. Accessible VR in-
terfaces should enable users to independently explore, orient
themselves, and interact with virtual environments without re-
quiring external assistance or prior familiarity with the space
Lahav [2022]. For users with total blindness, this entails
providing sufficient non-visual information to support the
construction of accurate mental models of the environment.
For users with low vision, autonomy requires mechanisms
that supplement residual vision without overwhelming or con-
flicting with it. The architecture therefore aims to support
self-directed navigation and decision-making through contin-
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in parallel

Text2Speech

in parallel X

1.User submits a query to
the framework about the
navigation in the virtual
environment: “What can I
perceive around?”

2. Whisper converts
speech to text.

3. GPT receives for
processing

2. User input becomes a
trigger to make a a
screenshot of the
environment, convert it to 64
base, and send to GPT.

4. GPT answers the
question based on the
image

5. User listens to the answer
to his/her query.

2. User input becomes a trigger
to generate the geolocation in
VR environment.

Is the user close to any
object in the environment?

3. Object collider in the
Unreal environment is
triggered.

4. Haptic feedback through
the controls signaling that
there was a collision with
an object in the
environment.

Figure 5. System architecture for AI-based interactive assistance integrated with Unreal Engine. The diagram illustrates the workflow of the proposed system.
User input is processed by Whisper-Tiny for transcription and combined with a scene screenshot and spatial pose data (position and orientation) from Unreal.
These inputs are sent to GPT-4o, which interprets the user’s intent. The output is used in two ways: generating speech feedback via a text-to-speech module,
and triggering object collisions in the virtual environment to provide force feedback and additional audio cues.

uous, context-aware feedback rather than scripted guidance
or rigid interaction flows.

A second key goal is low cognitive load. Immersive en-
vironments are inherently information-rich, and the addition
of accessibility layers risks introducing excessive or poorly
structured feedback Raybourn et al. [2019]. Prior work has
shown that visually impaired users—particularly those with
low vision—are susceptible to cognitive overload when forced
to integrate degraded visual input with dense auditory or hap-
tic signals. To mitigate this risk, the architecture emphasizes
selective, semantically grounded information delivery, priori-
tizing relevance over completeness. By leveraging AI-based
scene interpretation, the interface aims to abstract complex vi-
sual data into concise, meaningful representations that reduce
the mental effort required to interpret and act upon environ-
mental cues.

Adaptability constitutes the second core design goal.
Visual impairment manifests differently across individuals
and contexts, and accessible interfaces must accommodate
varying sensory preferences, residual abilities, and situational
demands. The proposed architecture is designed to adapt both
to different user profiles—such as total blindness versus low
vision—and to different virtual environments with distinct
spatial and interaction characteristics. Rather than encoding
fixed mappings between environmental features and sensory
outputs, the interface supports flexible modulation of feed-
back modalities, granularity, and semantic depth, enabling
personalization and future extension.

Finally, the architecture prioritizes generalizability and
reusability as design goals. Many existing accessibility so-
lutions are tightly coupled to specific applications, limiting
their broader impact. In contrast, the proposed interface is

conceived as a domain-agnostic interaction layer that medi-
ates access to virtual environments independently of their
thematic content or functional purpose. By abstracting visual
information into semantic representations that can be commu-
nicated through auditory and haptic channels, the architecture
aims to support integration across diverse VR applications,
including education, healthcare, training, and entertainment.

Together, these design goal form the foundation of the
proposed architecture and guide subsequent design decisions
related to multimodal interaction and AI-driven semantic me-
diation. In the following subsections, we discuss how inclu-
sive design principles and multimodal AI techniques opera-
tionalize these goals within the proposed interface.

4.2 Inclusive Design Principles
Inclusive design is grounded in the recognition that human
abilities, needs, and circumstances are inherently diverse and
dynamic across the lifespan. Rather than assuming a “typical”
user or projecting the designer’s own capabilities onto oth-
ers, inclusive design explicitly accounts for variability in age,
ability, experience, and context. This perspective acknowl-
edges both the temporal dimension of human life—where
individuals may experience changing abilities over time—and
the social dimension, in which people are interdependent and
embedded in broader communities. As such, inclusive design
seeks not only to address present needs but also to anticipate
future conditions, supporting autonomy, participation, and
quality of life over time.

From this theoretical standpoint, inclusive design empha-
sizes designing with users rather than for an abstract average
user. Definitions proposed by institutions such as the Inclu-
sive Design Research Centre describe inclusive design as an
approach to creating products and environments that are us-
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Figure 6. Research Method overview—seven sequential stages: 01) Literature review to map the state of the art and define research gaps; 02) Input tests to
validate assumptions and tune data-capture/interaction parameters; 03) Architecture development in Unreal Engine integrating modules and logging; 04)
Architecture instantiation in heterogeneous virtual scenarios to demonstrate architectural feasibility and generality; 05) Synthesis of architectural insights and
design implications for accessible multimodal interfaces in virtual reality; 06) User study with participants with visual impairments to empirically validate the
architecture across both immersive scenarios; 07) Analysis and synthesis of quantitative and qualitative results to derive empirical evidence and inform future
design iterations.

able and appealing to the widest possible range of people,
regardless of age, ability, or circumstance, by actively identi-
fying and removing social, technical, and systemic barriers
Pinheiro and da Silva [2010]. Closely related concepts—such
as Universal Design and Design for All Story [2001]; Persson
et al. [2015]—share this objective, differing primarily in ter-
minology across regions, but converging on the principle that
environments, products, and services should be understand-
able, usable, and accessible without requiring specialized
adaptations or segregated solutions.

Within this tradition, inclusive design is understood as
both a creative and ethical commitment. European architec-
tures, including those articulated by the European Institute
for Design and Disabilities and the Stockholm Declaration,
frame Design for All as a holistic approach that integrates
human diversity, social inclusion, and equality into planning,
design, and governance processes. These architectures ad-
vocate for the involvement of users throughout the design
process as an ideal toward which accessible systems should
aspire. The proposed architecture is grounded in these men-
tioned inclusive design principles that treat human diversity
as a fundamental design parameter rather than an edge case
Persson et al. [2015]. In immersive virtual environments,
this requires moving beyond assumptions of a “typical” fully
sighted user and accommodating a broad range of sensory
abilities, perceptual strategies, and interaction needs Dudley
et al. [2023]. This perspective aligns with accessibility and
human-centered design literature that advocates for systems
usable by the widest possible audience without requiring sep-
arate or specialized adaptations. In the present study, user
participation was incorporated at the evaluation stage through
a user study with individuals with visual impairments, whose
feedback informed the identification of design limitations and
opportunities for refinement. The empirical findings reported
in Section 6 contribute to grounding future iterations of the
architecture in the lived experiences of the target population.

Equitable access to information is another guiding prin-
ciple Dudley et al. [2023]; Rodrigues et al. [2025]. Beyond
basic operability, inclusive VR design must enable access to
meaningful semantic content, such as object identity, spatial
relationships, and interaction affordances. The proposed ar-

chitecture addresses this by translating visual content into
semantically rich representations accessible through auditory
and haptic modalities, allowing visually impaired users to
engage with virtual environments at a comparable conceptual
level.

Finally, the design prioritizes minimizing unnecessary
complexity. Through semantic abstraction and context-aware
mediation, the architecture presents only the most relevant
information at a given moment, offloading perceptual and
cognitive effort from the user to the system. Together, these
principles ensure that accessibility is embedded as an integral
aspect of the interface design, shaping how multimodal feed-
back and AI-based mediation support inclusive interaction in
immersive virtual environments.

4.3 Why Multimodality (Audio, Haptics,
and Semantics)

Multimodality constitutes a foundational design choice in the
proposed architecture, reflecting the recognition that no single
sensory channel is sufficient to support accessible interaction
in complex immersive environments. VR systems are inher-
ently spatial, dynamic, and information-dense, and relying
on a single non-visual modality—such as audio or haptics
alone—can impose significant cognitive and perceptual limi-
tations Giudice [2018]. Consequently, the architecture adopts
a multimodal interaction paradigm that integrates auditory
feedback, haptic cues, and semantic interpretation to support
robust, flexible, and inclusive access to virtual environments.

Auditory feedback plays a central role in conveying
both spatial and descriptive information Wang and Ben-Arie
[1996]. Through techniques such as spatialized audio and ver-
bal descriptions, sound can communicate object locations, en-
vironmental boundaries, and interaction opportunities. How-
ever, audio-only solutions often struggle to balance informa-
tiveness with cognitive load, particularly in environments
where multiple elements compete for attention. Excessive
or poorly structured auditory output can overwhelm users,
especially those with low vision who must simultaneously
integrate residual visual input with auditory cues Brown and
Proulx [2016].

Haptic feedback complements auditory information by
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providing continuous, low-latency signals related to direc-
tion, proximity, and movement. Tactile cues are particularly
effective for conveying spatial relationships and supporting
motor coordination without demanding sustained cognitive
attention Macaluso and Driver [2001]. In the proposed ar-
chitecture, haptics are not treated as a substitute for audio
descriptions, but as a parallel channel that reinforces spatial
awareness and supports intuitive navigation. This complemen-
tary relationship allows users to distribute perceptual effort
across modalities, reducing reliance on any single channel
and mitigating sensory overload.

Crucially, the architecture extends beyond traditional
multisensory designs by incorporating semantic mediation
as an integral component of multimodality. While audio and
haptic cues can effectively convey low-level spatial signals,
they are insufficient for communicating higher-level meaning,
such as object identity, functional relevance, or contextual
relationships within the environment. Semantic information
enables users to understand not only where things are, but also
what they are and why they matter within a given context. By
embedding semantic interpretation into the interaction loop,
the architecture supports more informed decision-making and
autonomous exploration.

The integration of audio, haptics, and semantics reflects
a shift from reactive feedback toward proactive, context-aware
interaction. Rather than responding solely to user actions or
proximity events, the architecture continuously interprets the
virtual environment and adapts multimodal feedback based
on situational relevance. This design approach aligns with
inclusive interaction principles by accommodating diverse
perceptual strategies and enabling users to engage with im-
mersive spaces at different levels of detail and abstraction.

4.4 Why Vision Large Language Models as
the Mediation Layer

The selection of VLLMs as the core mediation layer of the
proposed architecture is driven by the need to bridge low-level
sensory data and high-level semantic understanding in immer-
sive virtual environments. Traditional accessibility mecha-
nisms in VR typically rely on pre-scripted mappings between
visual events and sensory outputs, such as predefined audio
cues or haptic signals Rahimi et al. [2025]. While effective in
constrained scenarios, these approaches lack scalability and
adaptability when applied to complex, dynamic environments.
VLLMs offer a fundamentally different paradigm by enabling
systems to interpret visual scenes Li et al. [2025a], reason
about their content, and generate context-aware semantic rep-
resentations in real time.

VLLMs integrate computer vision capabilities with nat-
ural language reasoning, allowing them to extract meaning
from visual input and express that meaning in a form that is
intelligible and actionable for users Liang et al. [2026]. In the
context of accessibility, this capability is particularly valuable
because it supports the translation of rich visual informa-
tion—such as spatial layouts, object identities, and interaction
affordances—into descriptions that can be delivered through
non-visual modalities. This semantic mediation enables users
to form coherent mental models of virtual environments, mov-
ing beyond reactive navigation toward informed, autonomous
exploration.

From an inclusive design perspective, VLLMs support
personalization and user control in ways that rule-based sys-
tems cannot. Because semantic descriptions are generated
dynamically, the mediation layer can adapt its output to differ-
ent user profiles, preferences, and levels of visual impairment.
Users with total blindness may prioritize comprehensive en-
vironmental descriptions, while users with low vision may
benefit from selective, disambiguating information that sup-
plements residual vision. This adaptability avoids imposing
a one-size-fits-all interaction model, which has been a recur-
ring limitation of prior accessibility solutions. Importantly,
positioning VLLMs as a central mediation layer shifts the
role of AI from a peripheral assistive feature to a foundational
component of the interaction architecture, enabling a tighter
coupling between perception, reasoning, and interaction. The
specific mechanisms through which this mediation operates
within the interface architecture are detailed in Section 5.2.

5 Interface Architecture
This section presents the architecture of the proposed interface,
describing how visual information from immersive virtual
environments is semantically mediated and translated into
multimodal feedback. The focus is on the interface structure
and interaction flow, illustrating how the architecture opera-
tionalizes the design principles discussed earlier and supports
integration across diverse VR applications.

The interface adopts a modular, pipeline-based archi-
tecture in which visual data from the virtual environment is
interpreted by a Vision Large Language Model that functions
as a semantic mediation layer. The resulting context-aware
representations are mapped to auditory and haptic feedback,
enabling non-visual perception of spatial layouts, objects, and
interaction opportunities.

A key architectural feature is the decoupling of accessibil-
ity mechanisms from application-specific logic. By operating
as an intermediate layer between the VR environment and the
user, the interface supports reuse across domains and interac-
tion contexts, reinforcing its generalizability and extensibility.

The remainder of this section details the conceptual
pipeline and interaction flow, examines the role of the VLLM
in semantic abstraction, and describes how user inputs are
translated into multimodal feedback.

5.1 Conceptual Pipeline and Interaction
Flow

The proposed interface is structured around a conceptual
pipeline that governs the flow of information between the
immersive virtual environment and the user, integrating per-
ception, interpretation, and multimodal feedback into a unified
interaction loop. This pipeline operationalizes the architec-
ture’s design goals by ensuring that user interaction is contin-
uously mediated through semantic understanding rather than
direct reliance on visual perception.

At the first stage of the pipeline, the virtual environment
provides raw visual and spatial data, including scene geom-
etry, object configurations, and dynamic changes resulting
from user actions or environmental events. This information
is captured independently of any application-specific logic,
allowing the interface to operate as an intermediate layer be-
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tween the VR system and the user.
The captured visual data is then processed by the Vision

Large Language Model, which performs scene understanding
and semantic abstraction. Rather than transmitting low-level
visual features, the VLLM interprets the environment at a
conceptual level, identifying relevant objects, spatial relation-
ships, and interaction affordances. This semantic representa-
tion serves as the core internal state of the interface, enabling
the system to reason about the environment in a manner that
is both human-interpretable and adaptable across contexts.

User input constitutes the next component of the inter-
action flow and includes locomotion and controller actions
supported by the VR platform, and proximity or collision
events generated during navigation. These inputs are not
treated as isolated commands but are interpreted in relation
to the current semantic state of the environment.

Based on this combined interpretation of environmen-
tal state and user input, the interface generates multimodal
output through auditory and haptic channels. Auditory feed-
back conveys descriptive and spatial information, while haptic
cues communicate directional, proximity-based, or movement-
related signals. Crucially, these outputs are derived from the
semantic representation produced by the VLLM, ensuring
that feedback remains meaningful, context-aware, and aligned
with the user’s goals rather than reacting solely to low-level
events.

The interaction flow is continuous and iterative. As users
move through the environment and interact with virtual ele-
ments, the pipeline updates the semantic representation and
adapts multimodal feedback in real time. This closed-loop
design supports dynamic exploration and reduces the cogni-
tive effort required to interpret changes in the environment,
reinforcing the architecture’s emphasis on user autonomy.

5.2 Role of the Vision Large Language
Model in Scene Understanding and
Semantic Abstraction

Within the proposed interface architecture, the VLLM func-
tions as the central interpretative component responsible for
transforming raw visual input into structured, semantically
meaningful representations. Rather than operating as a pe-
ripheral assistive module, the VLLM constitutes the core
mediation layer that enables accessibility through abstraction,
reasoning, and contextual interpretation.

At the level of scene understanding, the VLLM processes
visual information originating from the virtual environment
to identify salient elements such as objects, spatial layouts,
relative positions, and interaction affordances. This process
goes beyond pixel-level analysis or object detection by incor-
porating contextual reasoning about how elements relate to
one another within the environment. For example, instead of
recognizing isolated objects, the model can infer functional
groupings, navigable paths, and regions of interest, which are
critical for meaningful interaction in immersive spaces. To
assess the precision of GPT-4o in interpreting rendered virtual
scenes, we manually evaluated the model’s responses against
a set of 26 static screenshots—14 from the hospital reception
hall and 12 from the classroom—submitted independently
during the validation phase (Step 2). Each response was rated
as correct, partially correct, or incorrect by comparing the

Figure 7. GPT-4o scene interpretation accuracy across 26 screenshots from
the hospital and classroom virtual environments. Responses were manually
evaluated against ground-truth scene descriptions and classified as correct or
erroneous. Error categories include spatial configuration misidentifications
and color misclassifications.

Figure 8. Representative GPT-4o output during the model validation phase
(Step 2): a screenshot from the hospital reception hall submitted as visual
input and the corresponding semantic description generated by the model.

model’s output against the known ground truth of each scene.
The evaluation yielded an overall accuracy of 73.1% (19 out
of 26 images correctly described), with 78.6% accuracy in
the hospital scenario and 66.7% in the classroom. Observed
errors were primarily of two categories: spatial configura-
tion misidentifications (e.g., confusing a U-shaped counter
with an L-shaped one, or incorrectly reporting the number
of chair columns or doors) and color misclassifications (e.g.,
reporting orange instead of red for a highlighted chair in the
classroom environment). These error types, while relevant,
were generally non-critical for navigation purposes, as they
did not prevent participants from completing tasks during the
user study. This result suggests that while GPT-4o provides
reliable semantic mediation in most cases, further prompt
refinement or post-processing strategies may be needed to
address spatial and chromatic ambiguities in rendered vir-
tual environments. These results are summarized in Figure 7,
which presents the accuracy breakdown by scenario and error
category. Figure 8 illustrates a representative model output,
showing the scene image submitted as input alongside the
corresponding textual description generated by GPT-4o.

The output of this process is a semantic abstraction of the
environment—a representation that captures what is relevant
for interaction rather than everything that is visually present.
This abstraction acts as an intermediate layer between the im-
mersive system and the user, enabling the interface to reason
about the environment at a conceptual level. By prioritiz-
ing semantic relevance over visual fidelity, the architecture
reduces informational complexity and supports accessibil-
ity by filtering out visually dense or redundant details that
may otherwise overwhelm users with visual impairments.
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Crucially, semantic abstraction enables the decoupling of ac-
cessibility logic from environment-specific implementations.
Because the VLLM operates on high-level concepts rather
than fixed visual features, the same mediation strategy can
be applied across diverse virtual environments without reau-
thoring rules or mappings for each scenario. This property
directly supports the architecture’s design goals of general-
izability and reusability, distinguishing it from rule-based or
pre-scripted accessibility solutions. Another important func-
tion of the VLLM lies in its capacity for adaptive semantic
reasoning. As users interact with the environment, the seman-
tic representation is continuously updated to reflect changes
in context, user position, and interaction state. This dynamic
interpretation allows the interface to adjust the granularity
and focus of feedback in real time, emphasizing information
that is most relevant to the user’s current goals and actions.
Such adaptability is essential for supporting autonomous ex-
ploration in immersive environments. Finally, by expressing
semantic representations in a language-compatible format, the
VLLM facilitates seamless integration with multimodal feed-
back channels. Semantic content generated by the model can
be translated into natural language descriptions for auditory
output or mapped onto structured signals for haptic feedback.
This capability enables coherent cross-modal communication
and ensures that different sensory channels convey consistent
and complementary information, reinforcing users’ mental
models of the virtual space.

5.2.1 VLLM Reliability and Mitigation Strategies
The integration of Vision Large Language Models as a core
mediation layer introduces reliability challenges that must
be explicitly addressed in the context of a dynamic, context-
aware accessibility system. Three failure modes are of par-
ticular concern. First, overly general outputs occur when
the model produces plausible but spatially unspecific descrip-
tions that lack the directional or object-level detail necessary
to support navigation decisions. In environments with high
object density or complex layouts, such responses may leave
users without actionable guidance. Second, hallucinations —
instances in which the model confidently describes objects,
spatial configurations, or paths that are not present in the ren-
dered scene — pose a more critical risk, as they may actively
mislead navigation rather than merely fail to assist it. Third,
topic divergence arises when the model’s response drifts away
from the navigational intent of the user’s query, producing
contextually irrelevant content that increases cognitive load
and disrupts interaction flow.

To mitigate these challenges, the architecture adopts a set
of structural and prompt-level strategies. The system prompt
is explicitly scoped to spatial and navigational content, con-
straining the model’s response to information relevant to the
user’s current viewpoint and task. Visual grounding is en-
forced by capturing rendered frames at the moment of each
query, ensuring that model responses are anchored to the
user’s actual perspective rather than a cached or outdated
scene representation. Prompt refinement conducted during
the validation phase (Step 2) was specifically aimed at reduc-
ing response vagueness and improving directional specificity,
guided by the error categories identified in the 26-screenshot
evaluation.

Figure 9. Scene of the developed classroom environment.

Acceptability of VLLM Accuracy for Navigation Tasks.
While the observed accuracy of 73.1% indicates that errors
occur in approximately one quarter of cases, it is important to
contextualize this result in terms of functional impact rather
than raw prediction correctness. First, the majority of ob-
served errors were non-critical for navigation, consisting pri-
marily of spatial imprecision (e.g., approximate layouts) and
color misclassification. These inaccuracies did not prevent
participants from successfully completing tasks during the
user study, suggesting that perfect scene reconstruction is not
a strict requirement for effective accessibility in this context.
Second, the system does not rely on single-shot decisions
but instead operates as an interactive, continuous feedback
loop. Users receive updated semantic descriptions as they
move and explore the environment, allowing them to correct
potential misunderstandings through subsequent interactions.
This incremental and redundant information flow reduces the
risk associated with isolated model errors. Third, navigation
is supported through multimodal redundancy. Auditory de-
scriptions are complemented by proximity-triggered haptic
feedback, which provides direct spatial cues independent of
the VLLM’s semantic interpretation. This design ensures
that even in the presence of incomplete or imprecise semantic
descriptions, users retain access to reliable low-level guidance
for obstacle avoidance and target localization. Finally, the
evaluation did not reveal instances in which VLLM errors
led to unsafe or irrecoverable navigation outcomes. Instead,
errors manifested as minor inefficiencies (e.g., slight detours
or hesitation) rather than critical failures. This distinction
is crucial: in accessibility contexts, the acceptable thresh-
old for model performance is determined by its impact on
task completion and user safety, rather than strict semantic
accuracy.

5.3 Architecture Instantiation and
Illustrative Scenarios

To illustrate how the proposed interface architecture can be
instantiated in practice, we integrated it into immersive ap-
plications developed using Unreal Engine 5. This instantia-
tion serves as a concrete demonstration of how the architec-
ture operates alongside existing VR projects, without altering
application-specific logic or interaction design. The goal of
this subsection is not to evaluate performance or user out-
comes, but to exemplify how the architectural components
described earlier are realized within similar immersive envi-
ronments.
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Scenario Model Output (Error) Ground Truth / Impact

Classroom “There is an orange chair aligned in front of
the room.”

Chair was red, not orange. Color misclas-
sification did not affect task completion, as
object identity and position were correctly
conveyed.

Classroom “There are three columns of chairs facing the
board.”

Only two columns were present. Spatial over-
estimation caused minor imprecision but did
not prevent navigation.

Hospital Reception “An L-shaped counter is positioned ahead of
you.”

The counter was U-shaped. Despite the in-
correct geometry, the model correctly con-
veyed the presence and navigational rele-
vance of the counter.

Hospital Reception “There is a single row of seats on your left.” Four rows of seats were present. Underes-
timation of object quantity did not impact
obstacle avoidance due to haptic feedback.

Table 1. Representative examples of VLLM errors observed during the validation phase, illustrating typical discrepancies between model
outputs and ground truth. Most errors involve spatial approximation or color misclassification and were non-critical for task completion.

Figure 10. Scene of the developed hospital environment.

At the system level, the architecture operates by inter-
cepting visual and spatial information generated by the Unreal
Engine rendering pipeline and routing it through the semantic
mediation layer. High-resolution rendered frames are cap-
tured and processed by a VLLM, which interprets the vi-
sual scene and produces structured semantic representations
as shown in Figure 9 and Figure 10 . User input, such as
voice commands, is transcribed via a Speech-to-Text module
and incorporated into the interpretation process. The result-
ing semantic output is then mapped to auditory and haptic
feedback, delivered through the engine’s audio system and
force-feedback mechanisms. This architecture enables the ar-
chitecture to function as an accessibility layer that augments
immersive applications without imposing constraints on their
internal design.

To demonstrate the generality of the architecture across
different spatial and interaction contexts, we instantiated it
within two ecologically grounded but structurally distinct VR
scenarios: a classroom and a hospital reception hall. These
environments were selected not as experimental testbeds, but
as illustrative use cases representing common categories of
immersive applications. The classroom scenario exemplifies
a structured environment with fixed object placement and
localized interaction zones, typical of educational or training
applications. In contrast, the hospital reception hall represents
a more open and socially oriented space, characterized by
broader navigation demands, multiple points of interest, and
transitional areas such as corridors and service desks.

In both scenarios, the architecture provides continuous
semantic mediation of the environment, enabling users to
receive audio-based descriptions of spatial layout, object pres-
ence, and interaction opportunities. Haptic feedback is em-
ployed to convey directional guidance and proximity informa-
tion, with intensity patterns dynamically modulated based on
the user’s spatial relationship to relevant elements in the scene.
Importantly, these interaction mechanisms are generated by
the architecture independently of the specific content or nar-
rative of the application, reinforcing its role as a reusable
accessibility architecture rather than a solution tailored to a
particular scenario.

5.4 Reusable Components, Interfaces, and
Extension Points

A key characteristic of the proposed system is its modular and
reusable architecture, designed to support multiple scenarios
without requiring structural changes. Rather than implement-
ing isolated, scenario-specific solutions, the system is orga-
nized around a set of shared components that are consistently
reused across environments. Evidence from both the Hospital
and Classroom Blueprints, as well as the Python-based back-
end, indicates a high degree of structural regularity, suggest-
ing that these environments are instantiations of a common
architectural backbone rather than independent prototypes.

This design follows a clear separation of concerns: core
functionalities are encapsulated into reusable modules with
well-defined interfaces, while scenario-specific behavior is ex-
pressed through composition. As a result, the system achieves
both flexibility and scalability, enabling the rapid development
of new environments with minimal engineering overhead. Fig-
ure 11 illustrates the package diagram of the proposed system,
highlighting its modular structure and component organiza-
tion.

5.4.1 Core Reusable Modules
The architecture is grounded on a set of core modules that
implement the system’s fundamental capabilities. These com-
ponents are intentionally designed to be scenario-agnostic,
ensuring that their behavior remains consistent regardless of
the environment in which they are deployed. The network-
ing component (TCP client) abstracts communication with
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Figure 11. Package diagram of the proposed architecture, illustrating the reusable core modules, their interfaces, and the composition of scenario-specific
levels (Hospital and Classroom) interacting with the external vision-language server.

the external Python server through a persistent socket inter-
face. Its design is content-agnostic, supporting heterogeneous
data types—including navigation commands, textual descrip-
tions, and image payloads—over a unified channel. As such,
the identical structure of this component across levels rein-
forces its role as a foundational infrastructure layer rather than
scenario-specific logic. Building on this communication layer,
the text-to-speech (TTS) module implements a unidirectional
transformation pipeline that converts textual input into spa-
tialized audio feedback. In this case, the voice provider is
abstracted behind a stable interface, enabling the interchange-
able use of external APIs (e.g., ElevenLabs or alternative
services). This design choice reflects a deliberate decoupling
between interface and implementation, allowing the audio
synthesis backend to evolve independently. Similarly, the
screen capture component encapsulates the acquisition and
transmission of visual data to the backend. Its responsibili-
ties are strictly limited to triggering image capture, attaching
contextual metadata, and forwarding the result via the net-
working module. By doing so, and by avoiding embedded
mission logic, the component remains fully reusable across
tasks and environments. In parallel, the collision and haptic
feedback module consolidates interaction-related behaviors
into a unified abstraction. Although it supports distinct in-
teraction types (e.g., objective-related feedback versus obsta-
cle detection), all interactions rely on a shared event-driven
mechanism. This common foundation ensures consistency
while still allowing higher-level behavioral differentiation. Fi-
nally, the locomotion module isolates user movement from
scenario logic by decoupling input handling from spatial nav-
igation. Directional movement is computed relative to the
camera frame, while rotational control is handled indepen-
dently, thereby ensuring that locomotion behavior remains
reusable and unaffected by mission-specific constraints.

5.4.2 Scenario-Specific Composition
While the core modules remain invariant, scenario variability
is introduced through composition rather than modification.
This principle enables the system to support diverse environ-
ments without altering its underlying structure. At the center

of this process is the mission state machine, which acts as the
primary coordination layer. It binds reusable components to
scenario-specific objectives by defining sequences of interac-
tions, associating feedback with mission states, and providing
contextual information to the backend.

Consequently, introducing a new scenario does not re-
quire modifying existing modules. Instead, it involves con-
figuring a new set of states, defining spatial triggers (e.g.,
colliders), and composing existing components accordingly.
The Hospital and Classroom environments can therefore be in-
terpreted as different configurations of the same architectural
architecture.

5.4.3 Extension Points
Beyond reuse, the architecture is explicitly designed to sup-
port extensibility, allowing new capabilities to be integrated
without disrupting existing components. Several extension
points are exposed. The TTS provider is treated as a replace-
able dependency, enabling seamless integration of alternative
speech synthesis services. Similarly, the vision-language pro-
cessing pipeline is encapsulated within the backend, allowing
model selection and prompt design to evolve independently
of the client-side system. In addition, new scenarios can be
introduced solely through the definition of mission states and
spatial configurations, without requiring changes to reusable
modules. The input system also remains extensible, support-
ing the incorporation of new interaction modalities without
impacting locomotion or mission logic.

Together, these design choices ensure that the system
is not only reusable but also adaptable, providing a robust
foundation for future research and development.

6 Evaluation
To investigate the reliability of the proposed architecture, we
conducted a case study, an exploratory empirical method
suited to investigating a phenomenon in its natural setting
using data gathered from a small number of entities (in this
case, participants with visual impairments interacting with
the system). This method is particularly appropriate for our
evaluation, as it addresses a contemporary phenomenon – AI-
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mediated multimodal interaction in immersive environments
– observed in a realistic, ecologically grounded context, and
it draws on multiple sources of evidence, including quanti-
tative task metrics, structured questionnaire responses, and
qualitative interview data.

The case study was conducted according to the follow-
ing steps Runeson and Höst [2009]: (i) case study design,
encompassing the preparation and planning of data collection
procedures; (ii) execution, in which evidence is systematically
collected through user interaction with the system; (iii) analy-
sis of the collected data; and (iv) reporting of the findings.

In the design stage, we defined the target population
(individuals with total blindness and low vision, recruited
through a partnership with a local association for the blind),
the two ecologically valid scenarios (a classroom and a hospi-
tal reception hall) representing structurally distinct interaction
contexts, the sequence of goal-oriented tasks to be completed
exclusively through auditory and haptic feedback, and the
quantitative (task completion time, number of collisions) and
subjective (Likert-scale questionnaire, semi-structured inter-
view) measures to be collected, as detailed in Sections 6.1
and 6.3. This stage was conducted under an approved institu-
tional ethics protocol (Protocol 88442725.6.0000.5083).

In the execution stage, eight participants were recruited,
of whom five completed the full protocol (N=5); each session
followed a fixed procedure comprising informed consent, a
demographic questionnaire, headset fitting and calibration, a
practice scenario, and task execution across both immersive
environments in a fixed order, as described in Section 6.2.

In the analysis stage, quantitative data were summarized
descriptively by participant group (blind and low vision) and
task, while subjective questionnaire data were analyzed at
the item level (mean and standard deviation across the nine
evaluated dimensions). Open-ended responses and interview
transcripts were examined through thematic analysis follow-
ing a top-down approach Braun and Clarke [2006], guided by
the study’s research questions.

Finally, in the reporting stage, the results of this analysis
are presented in Section 6.4 and further interpreted in light of
the architecture’s design goals and limitations in Section 7.

6.1 Participants
Eight participants with visual impairments were initially re-
cruited through partnerships with local organizations and
community networks (e.g., Association of the Blinds of the
State of Goiás - Brazil), of whom five successfully completed
the full evaluation protocol (N=5). Three participants were
unable to complete the study due to difficulties unrelated to
the architecture itself: two experienced significant challenges
in operating the VR controller scheme — specifically in mem-
orizing and executing the distinct button mappings required
for locomotion, camera rotation, and AI interaction — while
one participant, an elderly individual with limited literacy,
encountered compounding difficulties in following verbal in-
structions and managing the physical demands of the headset.
These cases were documented and are discussed as design
implications in Section 7.

The five participants who completed the study comprised
three individuals with total blindness and two individuals with
low vision due to cataracts and glaucoma. Although the sam-

ple size is modest, it is consistent with established practices in
accessibility and assistive technology research involving users
with disabilities, where recruitment is inherently constrained
by the specialized nature of the population and the ethical
demands of inclusive research design. Moreover, prior work
Kudo et al. [2022]; Mack et al. [2021] has demonstrated that
small, well-characterized samples can yield meaningful and
generalizable insights, particularly in exploratory evaluations
of novel interaction paradigms. In such contexts, the depth
of perceptual evaluations, consistency of observed behaviors,
and convergence of user experiences are often more critical.
Our study follows this paradigm by prioritizing rich interac-
tion data, detailed observation, and iterative validation of the
proposed system. Importantly, this work should be understood
as a foundational step toward larger-scale evaluations. The
primary goal is to validate the feasibility and effectiveness of
the proposed VLLM-mediated interaction architecture, pro-
viding empirical evidence and methodological grounding for
future studies with expanded and more diverse participant
groups.

The sample comprised four female and one male partici-
pants, aged between 24 and 78 years, representing different
life stages and varying levels of prior experience with assistive
technologies. Participants with total blindness relied entirely
on the non-visual feedback provided by the system, while low
vision participants were able to supplement this feedback with
residual visual perception. Informed consent was obtained
from all participants prior to their involvement.

6.2 Procedure
Upon arrival, participants were informed about the study ob-
jectives and signed an informed consent form. All data were
treated confidentially and anonymously in accordance with
the ethical guidelines approved by the Research Ethics Com-
mittee. Participants completed a short demographic ques-
tionnaire covering assistive technology usage and prior VR
experience. Each participant was then fitted with a Meta Quest
3 headset, adjusted for individual comfort, and equipped with
both Meta Quest Touch Plus Controllers (left and right units)
— controllers that provide three degrees of freedom for hand
tracking and include haptic vibration motors, used to deliver
the proximity-based and collision force-feedback described in
the architecture’s haptic interaction flow — with wrist straps
secured prior to each session. Basic calibration of orientation
was performed when necessary. A brief training session in
a dedicated practice scenario was conducted to familiarize
participants with the VR equipment and the interaction me-
chanics of the architecture prior to the experimental tasks.
Following the practice session, participants were immersed
in both virtual scenarios—the classroom and the hospital
reception hall—in a fixed order.

In the classroom scenario, participants were assigned
two sequential tasks:

• Locate a highlighted chair and perform a sitting interac-
tion;

• Navigate back to the entrance door and exit the room.

In the hospital scenario, participants were assigned three
sequential tasks:
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• Approach the reception desk and interact with the atten-
dant;

• Navigate from the desk to the bathroom;
• Return from the bathroom to the main exit.

All navigation and interaction were guided exclusively
by the multimodal feedback generated by the architecture,
with no visual assistance provided. For participants with total
blindness, the provided feedback constituted the sole available
perceptual channel. In this context, a no-assistance condition
is neither methodologically meaningful nor ethically appro-
priate, as it would remove the only viable means of perceiving
the environment and reduce the task to a guaranteed-failure
scenario. This consideration is consistent with established
practices in accessibility research involving blind users Maid-
enbaum et al. [2016]. For participants with low vision, in con-
trast, the multimodal feedback complemented—rather than
replaced—their residual visual perception. Although this
group also had access to the VLLM-based semantic feedback
and direct haptic guidance (i.e., without relying on the base-
line condition), we observed that they made minimal practical
use of the AI assistance. In most cases, their residual vision
was sufficient to complete the tasks independently.

The primary effect observed was a slight increase in
completion time during the initial tasks, typically on the order
of a few seconds. This delay was not associated with diffi-
culties in locating relevant elements in the environment, but
rather with the additional cognitive effort of attempting to
read automatically generated captions while simultaneously
processing the audio descriptions. As participants became
familiar with the system, this behavior diminished, and per-
formance converged to that of the baseline condition. Im-
portantly, we observed that the contribution of the AI was
not uniform across tasks. Its utility became more evident in
scenarios that required identifying specific semantic targets,
such as locating “exit” or “restroom” signs to complete mis-
sion objectives. In these cases, the VLLM-based semantic
interpretation provided clear benefits by enabling access to
information that was not easily discernible through residual
vision alone. In contrast, for tasks involving general naviga-
tion or object localization, participants were often able to rely
on their residual vision to successfully complete the missions
without substantial assistance from the AI. This suggests that,
in low vision contexts, the architecture acts primarily as a
complementary perceptual layer, becoming particularly valu-
able in situations that demand semantic understanding rather
than purely spatial perception. To assess the specific contribu-
tion of VLLM-based semantic mediation in a setting where
an independent perceptual channel exists, we conducted an
additional within-subject comparison with the two low vision
participants. For this subgroup, residual vision provides a
non-zero baseline, enabling a with/without comparison Qiu
et al. [2024]. This constraint is discussed in Section 7.

Short breaks were permitted between scenarios as
needed. At the end of the session, participants completed
a structured questionnaire and took part in a brief semi-
structured interview.

6.3 Measures
Objective measures logged during task execution included
task completion time in seconds and number of collisions.

Subjective measures were collected via a structured question-
naire using a 5-point Likert scale, combining items adapted
from the System Usability Scale (SUS) Brooke et al. [1996]
with items developed specifically for this study. The ques-
tionnaire covered nine dimensions: usability and interaction
design, accessibility and inclusivity, emotional and cogni-
tive impact, functionality and performance, multisensory ex-
perience and engagement, presence and immersion, audio
and narration, haptic feedback, and navigation and orienta-
tion. Another post-task subjective data were collected through
open-ended questions addressing perceived facilitators, bar-
riers, suggestions for improvement, and potential real-world
applications. Responses were analyzed using thematic analy-
sis following a top-down approach Braun and Clarke [2006],
guided by the research questions.

6.4 Results
6.4.1 Task Performance
All five participants successfully completed the full sequence
of tasks in both scenarios using exclusively auditory and hap-
tic feedback. Table 2 summarizes mean task completion times
and average number of collisions per group across the five
tasks.

Participants with total blindness required longer comple-
tion times across all tasks compared to those with low vision,
which was expected given their exclusive reliance on non-
visual feedback. However, performance differences between
groups diminished across tasks, suggesting a learning effect
as participants became more familiar with the multimodal
feedback patterns. Haptic feedback proved particularly ef-
fective for collision avoidance, with low vision participants
averaging fewer collisions across all tasks.

6.4.2 Questionnaire Results
Subjective ratings indicated overall positive experiences
across most dimensions. Usability and interaction design
received high ratings (M=4.32, SD=0.18), with participants
reporting that controls were learnable and tasks completable
without external assistance. Emotional and cognitive impact
was rated at ceiling (M=5.00, SD=0.00), reflecting consistent
reports of confidence, motivation, and enjoyment. Function-
ality and performance (M=4.78, SD=0.09) and multisensory
experience and engagement (M=4.76, SD=0.06) also received
high scores, indicating that auditory descriptions and haptic
cues were perceived as reliable and effective. Presence and
immersion ratings were similarly strong, with participants
reporting a consistent sense of being inside the environment
and coherent system responsiveness. The dimension of ac-
cessibility and inclusivity received the lowest mean rating
(M=2.85, SD=1.04), driven primarily by low scores on visual
legibility items (L1–L3, M=2.60, SD=2.19), which were most
relevant to low vision participants. Navigation and orientation
showed internal variability: while landmark-based guidance
received maximum ratings (N1, M=5.00), formation of a spa-
tial mental map proved challenging (N4, M=1.60, SD=0.55),
and interaction controls presented difficulties particularly for
participants with limited prior technology experience (IC1,
M=2.80, SD=0.84). The complete item-level questionnaire
results are presented in Table 3.
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Table 2. Task performance metrics across groups and tasks. Values are means. T1: sit on a chair (classroom); T2: exit the classroom; T3:
approach the reception desk (hospital); T4: navigate to the bathroom (hospital); T5: exit the hospital.

Group T1 (s) T2 (s) T3 (s) T4 (s) T5 (s)

Completion time (mean)
Blind (n=3) 300 270 216 252 300
Low Vision (n=2) 120 144 150 132 114
Total (n=5) 228 220 190 204 226

Average collisions
Blind 5 6 6 9 4
Low Vision 2 2 2 4 3

6.4.3 Questionnaire-based Findings
Thematic analysis of open-ended responses and interview
transcripts yielded four recurring themes. Navigation and
spatial orientation emerged as the most prominent theme,
with participants acknowledging the effectiveness of audi-
tory descriptions and haptic cues in supporting safe traver-
sal, while also noting that more granular directional informa-
tion—particularly during orientation changes—would be ben-
eficial. Task engagement and confidence was consistently
reported as high, with participants expressing that the system
reduced uncertainty and supported a sense of autonomous
control throughout the tasks. Multisensory feedback com-
plementarity was identified as a key facilitator, with partici-
pants valuing the coordination between auditory descriptions
and haptic vibrations as mutually reinforcing channels for
spatial awareness. Finally, areas for improvement centered
on control scheme complexity—particularly for older partic-
ipants—and the need for more adaptive audio verbosity in
environments with higher obstacle density.

Representative participant statements illustrating these
themes include:

“The descriptions from the system were helpful, but
I would add even more detail about movements and
directions, especially for navigating obstacles.”

“I felt I could perform the tasks without hesitation
because the system guided me well.”

“The vibrations on the controller made it clear when
I bumped into something, which helped me under-
stand the space better.”

Areas for improvement. Some participants suggested
enhancements, particularly for more challenging or dynamic
scenarios:

“In some moments, the audio cues could be more
detailed, for example, indicating distance or move-
ment direction more clearly. That would help in
environments with more obstacles.”

7 Discussions
This work proposes and empirically evaluates an architec-
tural approach to accessibility in immersive virtual environ-
ments, introducing a reusable architecture that mediates inter-
action through semantic, multimodal feedback. By position-
ing accessibility as a decoupled interface layer rather than an

application-specific adaptation, the architecture addresses a
key limitation of prior VR accessibility solutions: their tight
coupling to individual scenarios, tasks, or user groups. This
architectural decoupling enables scalable integration across
different Unreal Engine applications and supports long-term
maintainability of accessibility features.

Building on an earlier proof-of-concept, this paper ad-
vances the contribution by reframing the approach as a
domain-agnostic interface architecture and providing empiri-
cal evidence of its feasibility through a user study with indi-
viduals with total blindness and low vision. The high ratings
for usability, emotional impact, functionality, and multisen-
sory engagement support the central claim that VLLM-based
semantic mediation can enable meaningful non-visual navi-
gation in immersive environments. The convergence of quan-
titative measures and participant feedback further suggests
that the combination of auditory descriptions and proximity-
triggered haptic feedback constitutes an effective and accept-
able accessibility layer. However, our findings also reveal im-
portant differences across levels of visual impairment. While
the architecture proved highly effective for participants with
total blindness—serving as their primary perceptual chan-
nel—its impact for low vision (LV) participants was more
limited. In practice, LV participants relied predominantly on
their residual vision to complete tasks and made minimal use
of the AI-mediated feedback. The main observable effect was
a small increase in completion time during early interactions,
associated with the additional cognitive effort of processing
both visual and auditory information, rather than difficulties
in navigation or task execution. These results suggest that the
benefits of semantic mediation are not uniform across the vi-
sual impairment spectrum and are strongly dependent on task
characteristics. In particular, the current task design did not
heavily emphasize challenges where LV users typically expe-
rience greater difficulty, such as reading signage, interpreting
fine-grained visual details, or disambiguating low-contrast
elements. Our observations indicate that such scenarios are
more likely to reveal the added value of VLLM-based seman-
tic interpretation for this group. This highlights an important
direction for future work: designing evaluation tasks that bet-
ter capture the specific accessibility gaps experienced by LV
users. The use of multimodal feedback grounded in semantic
interpretation extends beyond traditional non-visual interac-
tion techniques that rely on low-level cues or pre-scripted
mappings. By translating visual content into context-aware
auditory and haptic representations, the architecture supports
meaningful navigation and interaction, particularly for users
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Table 3. Questionnaire results per item (N=5). SD = sample standard deviation.

Item Question Mean SD

U1 I learned how to interact quickly in the environment. 5.00 0.00
U2 The instructions were clear. 4.80 0.45
U3 Tasks could be completed without external help. 5.00 0.00
U4 Navigation/menus were simple to use. 4.40 0.55
U5 I felt confused by the controls. 2.40 0.55

P1 I felt like I was inside the environment. 5.00 0.00
P2 My attention stayed focused on the experience. 5.00 0.00
P3 The environment responded coherently to my actions. 5.00 0.00
P4 Interacting with virtual objects/people felt natural. 4.20 0.45

E1 The experience made me feel motivated. 5.00 0.00
E2 I felt confident while performing the tasks. 5.00 0.00
E3 Overall, the experience was enjoyable. 5.00 0.00

A1 Voice instructions were clear and easy to understand. 5.00 0.00
A2 Spatial audio (left/right/front) helped orientation. 5.00 0.00
A3 Audio volume was sufficient and consistent. 4.60 0.89
A4 Audio alerts (proximity/goal/error) were distinguishable. 3.80 0.45

L1 Contrast between text/icons and background was adequate. 2.60 2.19
L2 Font/icon size was sufficient for reading. 2.60 2.19
L3 Visual markers (arrows, highlights) helped notice useful objects. 2.60 2.19

HF1 Redundant signals (visual + audio + haptic) aided understanding. 5.00 0.00
HF2 Vibration/haptics helped confirm actions (grab, click, collide). 5.00 0.00

N1 Landmarks (beacons, continuous sounds) helped go from A → B. 5.00 0.00
N2 The virtual guide/assistant helped me stay on track. 3.00 0.00
N3 I did not have unexpected collisions with objects/obstacles. 2.80 0.45
N4 A mental map of the scene became clear after a few seconds. 1.60 0.55

IC1 Gestures/buttons were easy to perform and remember. 2.80 0.84
IC2 Click/grab zones were tolerant to imprecision. 4.60 0.55

OB1 The initial tutorial covered the essentials to get started. 5.00 0.00
OB2 Replays/reminders of instructions were available on demand. 5.00 0.00
OB3 The experience pace respected my reading/listening speed. 5.00 0.00

with total blindness. Importantly, VLLMs are treated as a core
mediation layer rather than auxiliary assistive tools, enabling
adaptive and context-sensitive accessibility mechanisms. The
validation of GPT-4o across 26 scene screenshots yielded an
overall accuracy of 73.1%, with errors concentrated in spa-
tial configuration and color classification — categories that,
while relevant, proved non-critical for task completion in the
evaluated scenarios.

Limitations. Despite these contributions, several limi-
tations must be acknowledged. First, the user study involved
five participants who completed the protocol, with three addi-
tional recruited individuals unable to complete the evaluation
due to difficulties with the VR controller scheme and, in one
case, limited literacy and prior technology exposure. While
the sample size is consistent with established practices in
accessibility research with specialized populations Whicher
et al. [2018]; Picot et al. [2001]; Kudo et al. [2022], the
findings should be interpreted as feasibility evidence rather
than generalizable performance benchmarks. This limitation
is particularly relevant for the LV subgroup (n=2), where
even the inclusion of baseline comparisons would not sup-
port statistically meaningful conclusions. Future evaluations

should expand the participant pool to include a broader range
of visual impairment profiles, age groups, and technology
literacy levels. Second, the architecture’s effectiveness de-
pends on the reliability of the underlying VLLM. The 73.1%
scene interpretation accuracy observed during validation in-
dicates that residual failure cases — including overly general
outputs, spatial misidentifications, and potential hallucina-
tions — remain a concern in dynamic deployment. Prompt
engineering refinements, informed by the error categories
identified in this study, represent a near-term avenue for im-
provement, but future work should investigate post-processing
validation layers, confidence-based filtering, and retrieval-
augmented strategies to improve output reliability. Third,
cognitive load was not formally measured in the current eval-
uation. Although questionnaire results suggest that partici-
pants experienced low frustration and high confidence, the
observed behavior in LV participants—particularly the initial
delay caused by attempting to process multimodal informa-
tion simultaneously—indicates that cognitive load may play
a non-trivial role. Future studies should incorporate stan-
dardized workload instruments such as the NASA-TLX to
provide objective evidence for cognitive accessibility claims,
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as well as to better understand modality integration effects
across user groups. Similarly, long-term habituation effects
and performance across repeated sessions remain unexplored.
Fourth, the current instantiation assumes the availability of
standard VR input and output devices, specifically the Meta
Quest 3 and its controllers. The difficulties encountered by
three participants in operating the controller scheme highlight
the need for simplified or adaptive input mechanisms. Fu-
ture iterations should explore voice-only interaction modes,
gesture-based alternatives, and controller configurations with
reduced button complexity to broaden accessibility at the
hardware level. Fifth, while user participation was incorpo-
rated at the evaluation stage through the formal user study, the
architecture was not developed through a participatory design
process involving users with visual impairments from its earli-
est conceptual stages. This represents a limitation with respect
to inclusive design principles, which emphasize active user
involvement throughout all phases of development. Future
iterations should adopt more participatory approaches, engag-
ing individuals with visual impairments as co-designers in
defining interaction strategies, feedback modalities, and task
structures. Finally, while the evaluated scenarios—a struc-
tured classroom and an open hospital reception hall—were
selected to represent heterogeneous spatial contexts, future
work should extend the architecture’s evaluation to more dy-
namic and complex environments, as well as to tasks that
more explicitly stress visual limitations in low vision popula-
tions, such as reading, object recognition under low contrast,
and navigation in visually cluttered settings.

8 Conclusion
This paper presented a conceptual architecture for accessible
interaction in immersive virtual environments, centered on
semantic mediation through multimodal artificial intelligence.
By integrating Vision Large Language Models with audio and
haptic feedback within a reusable interface architecture, the
proposed approach reframes accessibility as an architectural
concern rather than an application-specific adaptation. This
approach supports users with visual impairment, enabling
meaningful navigation and interaction without assuming vi-
sual primacy.

The primary contribution of this work lies in the design
of a layered interface architecture that demonstrates how se-
mantic abstraction can bridge the gap between visually rich
immersive environments and non-visual interaction modali-
ties. Through its instantiation in heterogeneous scenarios, the
architecture shows that accessibility mechanisms can be ef-
fectively decoupled from application logic and reused across
diverse VR contexts. In addition, this work provides an ex-
perimental contribution in the form of a reproducible eval-
uation setup and empirical findings with visually impaired
users. Beyond validating the proposed architecture, the study
establishes a baseline that can be reused in future research,
enabling replication, comparative analysis, and extension to
new environments, models, or interaction strategies.

By emphasizing extensibility, generalizability, and in-
clusive design principles, this work contributes to ongoing
discussions on how immersive technologies can be made more
equitable and sustainable. Future research will focus on empir-

ical evaluation, personalization strategies, and the integration
of emerging multimodal AI models, further advancing the
development of accessible, intelligent, and inclusive virtual
reality systems.
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