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Cross-Representation Highlighting Mechanism

Figure 1: With A1lyShape, (A) a blind or low-vision (BLV) user can create, interpret, and verify 3-D models through (B) a
user interface composed of three parts: Code Editor Panel, AI Assistant Panel, and Model Panel. These panels are linked by a
cross-representation highlighting mechanism that connects code, textual descriptions, hierarchical model abstractions, and
3-D visual renderings. The system supports the creation of (C) diverse, customized 3-D models created by BLV users.

Abstract

Building 3-D models is challenging for blind and low-vision (BLV)
users due to the inherent complexity of 3-D models and the lack
of support for non-visual interaction in existing tools. To address
this issue, we introduce A11yShape, a novel system designed to
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help BLV users who possess basic programming skills understand,
modify, and iterate on 3-D models. AllyShape leverages LLMs
and integrates with OpenSCAD, a popular open-source editor that
generates 3-D models from code. Key functionalities of A11yShape
include accessible descriptions of 3-D models, version control to
track changes in models and code, and a hierarchical representa-
tion of model components. Most importantly, A11yShape employs
a cross-representation highlighting mechanism to synchronize se-
mantic selections across all model representations—code, semantic
hierarchy, Al description, and 3-D rendering. We conducted a multi-
session user study with four BLV programmers, where, after an
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initial tutorial session, participants independently completed 12
distinct models across two testing sessions, achieving results that
aligned with their own satisfaction. The result demonstrates that
participants were able to comprehend provided 3-D models, as well
as independently create and modify 3-D models—tasks that were
previously impossible without assistance from sighted individuals.
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1 Introduction

Recent advances in large language models (LLMs) have significantly
expanded opportunities for blind and low-vision (BLV) individuals
to independently perform creative tasks previously inaccessible
without sighted assistance. With the emergence of readily available
and cost-effective LLMs, BLV users now have greater potential to in-
dependently engage with visually complex tasks like image editing
[7, 36] or application programming [65, 83], potentially benefiting
the 1.7% of programmers with visual impairments [78] and oth-
ers previously excluded from programming due to visual barriers
[2, 49, 53]. Despite these promising developments, highly intricate
visual-spatial workflows such as three-dimensional (3-D) modeling
remain under-explored in accessibility research. 3-D modeling chal-
lenges even sighted users due to its demands on spatial reasoning,
complex visual interfaces, tricky input articulations, and mental vi-
sualization requirements. In the meantime, programming interfaces
for 3-D modeling may provide a more accessible pathway for BLV
users, as text-based code can transform abstract spatial concepts
into concrete, rule-based instructions that don’t rely on visuals. For
BLV programmers, designers, and students who need to understand
and create 3-D models, investigating accessible approaches to 3-D
modeling under these new possibilities is essential.

We introduce A11yShape, an interactive 3-D modeling system
developed through participatory design with a BLV co-author. Un-
like traditional approaches that rely on author-curated captions
for model descriptions, A11yShape leverages both the underlying
model code and rendered images to produce detailed and accurate
textual explanations of 3-D models, which have been validated
through user studies to achieve high ratings in author-curated
evaluation metrics. A1lyShape integrates OpenSCAD [52], a com-
monly used code-to-model environment, with advanced capabili-
ties of GPT-4o0 to synthesize complementary textual descriptions.
Furthermore, A11lyShape extends interactive access through three
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attributes: (1) a hierarchical representation enabling structured nav-
igation of model components, (2) integrated version control to track
iterative model changes, and (3) an interactive verification loop al-
lowing BLV users to directly query and validate spatial attributes or
design decisions. Most importantly, A11yShape employs a dynamic
cross-representation highlighting mechanism that synchronizes
selections across multiple model representations, enabling users to
seamlessly navigate among code, semantic hierarchy, Al-generated
descriptions, and rendered elements.

To investigate how BLV programmers engage with A11yShape,
we conducted a multi-session study involving four BLV partici-
pants each completing three separate, successive sessions, totaling
12 sessions. We observed that, although with notable flaws like
components being misaligned or overlapping in conflict, partici-
pants successfully performed previously inaccessible tasks to create
three complete 3-D models both by guidance and in free-form over
the sessions. After the initial tutorial session, participants indepen-
dently created 12 distinct models across the testing sessions, with
outcomes that met their own satisfaction. To encourage deeper
engagement with the system, participants were given ample time,
each spending approximately four hours to complete three models.
Our findings revealed that the cross-representation highlighting
mechanism enabled fluid navigation between different ways of un-
derstanding models, and Al-generated descriptions in particular
were perceived as compensating for the lack of visual verification.
Participants developed distinctive workflows based on varying
levels of Al assistance and adopted strategic approaches includ-
ing: incremental building through Al-verification loops, leveraging
semantic hierarchies for error correction, and using real-world
metaphors for mental model construction. Despite overall success,
certain challenges emerged, including high cognitive load from
interpreting textual descriptions, difficulty in understanding spatial
relationships, and uncertainty about operation success in the ab-
sence of visual or tactile feedback. These findings suggest promising
directions for assistive technologies that can empower BLV users to
independently engage with inherently visual creative workflows.

In summary, this paper makes the following contributions:

AllyShape, the first Al-assisted 3-D modeling system lever-
aging code-augmented LLM descriptions, hierarchical com-
ponent navigation, and interactive verification loops.
Empirical insights from an extensive multi-session user study
that reveals how BLV users navigate spatial cognition chal-
lenges, develop mental models, and employ different strate-
gies to create desired 3-D models without visual feedback.

2 Related Work

Our work is built upon prior work in three key areas: the use of
LLMs and other AI techniques for generating and interpreting 3-D
models, approaches that explore modalities for supporting BLV
users in 3-D modeling and understanding, and Al-assisted tools
that support creativity tasks for BLV users.

2.1 AI-Driven 3-D Model Generation

Recent work has explored the use of generative models and large
language models for automatic 3-D content creation in various ap-
plications, such as avatar and scene generation [38] and modifiable


https://doi.org/10.1145/3663547.3746362
https://doi.org/10.1145/3663547.3746362

AllyShape: Al-Assisted 3-D Modeling for Blind and Low-Vision Programmers ASSETS '25, October 26 29, 2025, Denver, CO, USA

3-D model asset generatioi}, 79. Text-to-3-D systems, such as  developed an audio-haptic system that enables blind users to inde-
DreamFusiofb§, Magic3D[43, and Text2Mes47], allow users pendently inspect and verify 3-D models created through text-based
to create desired 3-D geometries from natural language prompts. modeling tools like OpenSCADIP. Recently, shape-changing dis-
These systems leverage pretrained 2D visual-language models asplays have also been used to support 3-D modeling for BLV people.
guidance to synthesize geometry and texture from textual input. For exampleshapeCAD)77] presents an accessible 3-D modeling
Besides the methods for 3-D generation directly from natural lan- work ow through a 2.5D tactile shape display that uses actuated
guage, researchers have explored combining textual prompts with pins to render the physical shapes of digital 3-D models, enabling
visual knowledge, like images, to generate more grounded and view- blind and visually impaired users to explore and iteratively re-
consistent 3-D content], 41, 8. For exampleDreamBooth3D ne their models in real-time. In contrast, our system introduces a
[6]] allows users to generate personalized 3-D models of a speci ¢ low-cost, software-based approach that allows BLV users to pro-
object or person based on a few reference images. While these meth-grammatically create, interpret, and verify 3-D models, leveraging
ods support the 3-D generation without needing domain-speci ¢ the power of Al.

training or 3-D datasets, it is di cult for users, especially BLV peo-

ple, to interpret and validate the generated 3-D content. To address 2.3 Al-Assisted Creativity and Creativity

this, researphers grognded language in 3-D representations to in- Accessibility for BLV Users

terpret and interact with Al-generated 3-D model$@ 19 6Q. For
exampleCap3D{46§ generates descriptive captions of 3-D objects
using pre-trained models in image captioning, image-text align-
ment, and LLMs to consolidate information from multiple rendered
views, providing textual explanations of the generated 3-D con-
tent for understanding. These systems remain limited in o ering
actionable feedback about a 3-D model's structure, orientation, or
completeness critical aspects for users, especially BLV people, to
validate the generated 3-D shape. Our system aims to provide tex-
tual descriptions that summarize the generated model with detailed
information, while o ering actionable aids to further edit it.

While Al shows promise in generating 3-D models, human cre-
ativity in crafting models still takes an irreplaceable rolg][ Re-
searchers have also explored human-Al collaborative approaches to
facilitate 3-D modeling §]. For example, BALL-E[44] integrates
text-to-image di usion models into 3-D modeling work ows and
uses image generation as a semantic design aid to facilitate shap
design.Style2Faplg enables users to personalize 3-D models us-
ing generative Al while preserving their functionality. Our work
extends this body of research and explores how Al can assist BLV
users in authoring, interpreting, and con rming custom 3-D models
through programming and descriptive feedback.

While much of accessibility research has focused on enabling BLV
users to read and consume digital content, recent e orts have in-
creasingly shifted toward empowering BLV users as content cre-
ators [34). In particular, creativity support has emerged as a key
focus in accessibility research, with a growing body of work design-
ing tools to support creative expression across a range of media.

Researchers have explored assistive technologies for various
creative domains: document editind4 15 35, photography [,

24, image editing and generation/[ 29 36, emoji composition
[84, programming [, 23 48 50 53 58 65 70, 78 83, presentation
slides b4 55 85 87, website design28 39 40 57, video scripting
and editing [30], and other forms of media [12, 22, 32, 59, 66, 86].

These systems adopt both traditional multimodal interaction
paradigms and, more recently, human-Al collaboration approaches
to enhance accessibility in creative tasks 12 28 30 36 50. As
egenerative Al continues to improve, it opens new opportunities
for making creative domains that were previously considered in-
accessible such as 3-D model creation more approachable for BLV
users. Designing 3-D content typically requires spatial reasoning
and visual feedback, often mediated through tactile representations
or external assistance for BLV users.

With A11yShape, we build on these prior works by extending
the possibility of accessible creativity to 3-D modeling, a domain
2.2 3-D Model Accessibility for BLV Users that has seen limited exploration in the context of BLV accessibility.
Our system design is informed by the interaction techniques and
Al-assisted paradigms introduced in this growing body of creativity-
support literature. For example, we drew from hdiditScribg7]
assist BLV users to make image edits through Al veri cation loops.

A large body of prior work has demonstrated the potential of mak-
ing 3-D models accessible and interactive to support BLV users
across a wide range of non-visual task&1] 67, 73 80, such as
conversational interfacesop, 63, learning [3, 71, 77, and orien-
tation and mobility (O&M) training using map-based representa-
tions [20, 25 27, 37. In other contexts, accessible 3-D models have 3 The AllyShape System

enabled tangible interaction with circuits9 16 and enriched sto- We presentAllyShapean accessible 3-D modeling system devel-
rytelling experiences in tactile books3g. Despite this potential, oped through participatory design. AllyShape leverages a dynamic
most accessible 3-D models are still created by sighted people or cross-representation highlightimgechanism at its core to support
using computer vision-based approachds,[69, as BLV users BLV users to understand and edit 3-D models through all model
continue to face barriers in creating custom 3-D models. While representations including code, semantic hierarchy, Al descriptions,
Al-assisted approaches have enabled the rapid creation of 3-D con-and 3-D rendering projections. We rst present the AllyShape
tent, researchers have explored modalities and techniques for 3-D system, including its components and the aforementioned cross-
structure interpretation and modelingg, 64. Touch and auditory representation highlighting mechanism. We then describe a real
feedback are the most common modalities. For exanifechPilot user journey drawn directly from one of our study sessions to il-
[8]] provides step-by-step audio guidance to assist blind users in lustrate how AllyShape supports BLV users in practice. We also
exploring and understanding complex 3-D structures. Lithal. present the details of our participatory design process.
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Figure 2: The AllyShape web interface for accessible 3-D modeling featuring: (A) the Code Editor Panel with programming
capabilities, (B) the Al Assistance Panel providing contextual feedback, and (C) the Model Panel displaying hierarchical structure
and 3-D rendering of the resulting helicopter model with propellers.

3.1 System Overview 3.2.1 Code Editofhe Code Editor (Figure 2A) provides BLV users

Built on a free code-to-model software OpenSCAD, AllyShape in- & fully accessible, standard text-editing interface optimized for
troduces a four-facet representation of 3-D models through connect- OPENSCAD code. Essential functionality includes rendering the
ing the source code, a hierarchical model abstraction, Al-generated Model from written code, uploading existing les, saving progress,
textual descriptions, and the actual rendering of the model. This @nd quick access to debugging through an integrafedor Log
architecture allows users to explore models, query design proper- This accessible debugging feature explicitly highlights syntax that
ties, and apply modi cations in a dynamic representation. Users prevents successful renders, thus streamlining error correction dur-
can write codes in the editor, easily navigates to chat input win- ing iterative model modi cations. Additionally, a dedicatedode
dow for asking questions or making edits, and traverse through the Changes Lidtlisplays code alterations after manual modi cations,
hierarchical abstraction for more structured access. A1lyShape is @llowing tracking the recent changes. For example, when the user
implemented as a web-based interface using Python's Flask web changes a cylinder component's height and diameter, the list will be
framework. It uses GPT-4@pt-40-2024-08-06 ) [5]] for generat- populated with a new record: Line 22: Cylinder's parameter (height,
ing detailed textual descriptions and managing OpenSCAD model diameter) changed, from (h=5, d=2) to (h=10, d=3). The change

edits. We plan to open source Al1lyShajpe the BLV community. record is generated by prompting a separate LLM (Appendix A.2)
to compare two versions of the code. Since the comparison focuses

3.2 User Interface Components on small, localized structural di erences in parameter values or

. . . . _geometry descriptions, this task is well-bounded and deterministic,
,'?lllysgapedgon3|its of threg main |ntera|ct|vedp(::nels (g'?ure 2)I. making LLM-based summaries reliable for this purpose.
the Code Editor, the Al Assistance Panel, and the Model Panel, =, addition, we provide basic keyboard shortcuts for program-

each serving distinct |r_1teract|0n purposes that collectively support ming operations, like uploading les, saving code, and navigating
accessible 3-D modeling. between di erent panels.

Iproject Github repository: https://github.com/DE4M-Lab/A11yShape
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3.2.2 Al Assistance Panehe Al Assistance Panel (Figure 2B)
o0 ers a suite of tools for model understanding, creation, and version
management. It consists of three integrated components: an always-
available input chat box, an Al feedback panel, and a history record
panel. Together, these components serve two core functions: an
Al veri cation loopfor model understanding and a robu$ersion
Controlsystem.

The Al veri cation loopbegins with the input chat box where
users can request information about their current model or solicit
modi cations through natural language (prompts in Appendix A.3).
The system uses a multimodal prompting architecture that com-
bines the model's or the current selected components' modular
code, rendered images from multiple angles (generated using dif-
ferent camera views with the OpenSCAD engine), and user queries
(Appendix A.1). The rendered images are from the top, bottom,
front, rear, left, and right side of the model to give LLMs a clear
picture of the model to generate better descriptions. Together, the
multimodal contexts were provided for the LLM to generate detailed
and accurate responses. More speci cally, the Al feedback panel
structures LLM's responses into three distinct sections: (1) a concise
summaryof changes, (2) a detailed descriptionmobdi cations per
componentand (3) aode change list

Al Validation StudyTo evaluate whether the Al-generated de-
scriptions on the models were accurate using di erent camera views
and model codes, we conducted a validation study to test whether
Al-generated descriptions were accurate enough for sighted users.
We recruited 15 participants to rate eight generated model descrip-
tions together with rendered projection images from the model's
six principal views. Participants were asked to rate each descrip-
tion based on a set of key metrics using a 5-point Likert scale (1 =
Poor, 5 = Excellent). We developed this metric set through internal
discussions because there is no existing usable metric to evaluate
Al-generated descriptions of 3-D models.

Geometric Accuracy (MBlow accurately the description
captures the geometric elementsioflividual components
including shapes, proportions, and details?

Spatial Relationships (M&ow well the description commu-
nicates the positioning and connections between di erent
components, including relative locations and how parts t
together?

Clarity & Comprehensibility (M3How well-written, orga-
nized, and understandable the description is, with appropri-
ate use of language and logical ow?

Completeness (MA)/hether the description includes all sig-
ni cant features visible across the 6 principal views without
omitting important elements. This metric is related to false
negatives of Al recognizing model components?
Avoidance of Hallucinations (M3)/hether the description
adheres strictly to what is actually present in the model with-
out fabricating non-existent elements. This metric is related
to false positives of Al recognizing model components?

The 15 participants were recruited through a physical computing
course where students learned 3-D modeling and printing. They
came from diverse academic backgrounds, including user experi-
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purposes such as animation, product design, and 3-D printing. We
found that the Al-generated model descriptions are reliable based
on our results, as shown below.

Figure 3: Results of the validation study, showing the Likert-
scale distributions across ve metrics. Most responses rated
Al responses on models to be Good or Excellent.

The strong performance across all metrics (with scores ranging
from 4.11 to 4.52 out of 5.00) indicates that the Al-generated descrip-
tions e ectively capture the essential characteristics of 3-D models.
Notably, the system demonstrated particular strength in avoiding
hallucinations €40== 452 (= 0"74), suggesting high reliabil-
ity in representing only features actually present in the models.
Other results include spatial relationships40== 425 ( =084
and clarity & comprehensibility€40= = 428 ( = 086). The
slightly lower but still strong scores in CompletenessA0= = 4"11,
(= 091 and Geometric AccuracygO= = 412 ( = 086
identify potential areas for future improvement, though all metrics
achieved scores above 4.0, indicating overall excellent performance.
We show the distribution of the Likert-scale scores in Figure 3.
These ndings validate our approach of using multimodal prompt-
ing with multiple camera views and modular code to generate
model descriptions.

Al-generated descriptions also take real-world metaphors into
account to help BLV users build imaginations of what the mod-
els roughly look like. Unlike the code changes list in the Code
Editor Panel, which tracks manual user modi cations, this list
speci cally documents Al-directed changes. By providing infor-
mation of summary, change per component, and change per code,
AllyShape enables BLV users to access di erent versions in a multi-
representation format. To use the Al veri cation loop, when users
select a code block, the panel automatically provides speci ¢ ex-
planations of that code segment. Similarly, when a component is
selected from the hierarchical tree, the panel displays a detailed
narration describing that speci c component's shape, position, and
relationship to other parts. Furthermore, as users interact with
AllyShape over time, all the endpoints are saved chronologically
in the history record panel. Each history record in this panel is
clickable, allowing users to read records and restore to an endpoint.

The code change list in both the code editor and the Al feedback

ence design (7), industrial design (3), art (2), and computer science panel, the history record panel, and the embedded undo/redo func-

(3). All participants had hands-on experience with 3-D modeling for

tionality serve together as th¥ersion Contradystem of A11lyShape.
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Figure 4: Dynamic cross-representation highlighting in A11yShape showing how the selection of the main propeller component
in the hierarchical structure (1) automatically highlights corresponding elements in the 3-D rendering (2), triggers an Al-
generated component description (3), and highlights the relevant code block (4).

The prompts we used to interpret codes.g.,summarize code
changes, compare modettc) are attached in Appendix A.2.

3.2.3 Model PaneThe Model Panel (Figure 2C) combines visual
rendering with a hierarchical semantic structure, constituting the
system's middle-layer among detailed code, Al-generated descrip-
tions, and visual model output. The hierarchical list represents the
model's internal structure by grouping OpenSCAD modules and
primitives into nested semantic hierarchies. For example, in the
helicopter example (Figure 2C(1)), the two landing gears are at the
same semantic level, each consisting of two cylindrical support legs
connected by a long, at rectangular base. They are grouped and
listed semantically instead of in a plain list showing all model com-
ponents. Users navigate through this tree structure, conceptually
zooming in to inspect speci ¢ model components in detail. The
3-D rendering panel shows a model projection from a xed angle
that shows most parts of the model. It can be adjusted by using
the chat input to indicate a speci ¢ angle(g., show the model
from the top view ), or highlight a speci c componentg(g., show

the main propeller ). Then the LLM will generate a camera view
parameter for the OpenSCAD engine to generate a corresponding
image. Additionally, we o er a keyboard shortcut to switch between
six orthographic views (ctrl+shift+number 1-6) of the top, bottom,
front, rear, left, and right side of the model. When not speci ed, the
image is rendered with a three-quarter view to show multiple sides

of the model. Users can also switch to this default view by using a
similar keystroke (ctrl+shift+number 0).

3.3 Core Interaction: Cross-Representation

Highlight
When sighted people perform model constructing and editing,
they use immediate visual feedback to verify model changes and
match the changes to their mental model of expected changdks [
However, such visual synchronization and mental model match-
ing processes are not available to BLV users. Therefore, based on
the introduced components, we further illustrate a dynamic cross-
representation highlighting mechanism as AllyShape's core inter-
action to support accessible 3-D modeling.

AllyShape maintains an active semantic synchronization across
multiple representations: (1) OpenSCAD source code, (2) semantic
hierarchical structure, (3) Al-generated textual descriptions, and
(4) the actual visual renderings of the model. Upon any user se-
lection in the code or hierarchical structure, A11lyShape instanta-
neously highlights the corresponding component across all other
representations, signi cantly reducing BLV users' cognitive load
by simplifying the process of panel navigation, visual veri cation,
and model editing. To notify screen reader users, Al1lyShape also
uses audio feedback to indicate that the highlighting just happened
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