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ABSTRACT

While recent advances in Generative Al enable visual stylization of 3D models using
image prompts, they typically neglect tactile properties. TactStyle addresses this limitation
by enabling creators to enhance 3D models with both visual and tactile properties derived
from texture images. Using a fine-tuned image-generation model, TactStyle generates highly
accurate heightfields that faithfully replicate the tactile properties of input visual textures
and applies them to 3D models. However, applying textures to 3D models presents challenges,
such as ensuring even texture resolution, avoiding texture warping, and minimizing visible
seams. TactStyle’s current implementation often struggles with significant texture stretching
and distortion caused by poor UV mapping, compromising the accurate heightfields and
diminishing the tactile fidelity of printed models. Our research systematically evaluates
various UV unwrapping methods, including alternative UV projections and an optimization-
based neural UV mapping, to improve the realism and accuracy of texture application
on 3D models in digital fabrication. Building on these findings, we will release a Blender
plugin that integrates the optimal UV unwrapping methods with TactStyle, enabling creators
to easily customize their 3D models with accurate tactile properties using only reference
texture images. This work enhances the practicality and accessibility of tactile 3D model
customization, bridging the gap between visual and tactile design elements.

Thesis supervisor: Stefanie Mueller
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Chapter 1

Introduction

The growth of 3D printing in HCI has spurred the development of 3D model customization
tools. While makers can easily access 3D models through open-source repositories like
Thingiverse [1, 44] and create them with Al-generated sources, the ability to personalize
these models is often limited, failing to meet users' speci ¢ personalization needs. To address
this, recent advances in Generative Al have provided greater freedom and exibility, allowing
users to stylize and personalize 3D models using text or image prompts, but these solutions
primarily focus on visual aesthetics rather than tactile properties.

The tactile properties of a physical artifact how it "feels" are critical to its usability,
accessibility, and overall perception [22]. Touch plays a fundamental role in how we inter-
act with and interpret the physical world and serves both protective and communicative
functions, in uencing daily activities, safety, and social interactions [16]. Enabling tactile
customization of 3D printed models could signi cantly enhance the user experience, especially
when replicating textures and simulating materials di erent from the 3D printing material
itself.

Recognizing this potential and need, TactStyle [14] introduced a system that translates
a user-provided visual texture into a corresponding 2D height eld map using a ne-tuned

variational encoder (VAE). This height eld is then applied to a 3D mesh UV unwrapped via
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planar projection, displacing vertices based on the displacement/height values corresponding
to their UV coordinates. However, its current implementation often results in signi cant
texture stretching and distortion, compromising the precise application of the height eld and
diminishing the tactile accuracy of the printed model.

Our research evaluates various UV unwrapping methods enhance the realism and accuracy
of texture application for digital fabrication. Speci cally, we evaluate alternative projection
methods supported by Blender (e.g., Smart UV, Cube Projection, Cylinder Projection, and
Spherical Projection) [4], StableFast3D's cube projection [5], and Nuvo [37], an optimization-
based algorithm designed for UV unwrapping both simple triangular meshes and complex
neural elds generated by state-of-the-art 3D reconstruction and generation models. Based
on our ndings, we will develop and release a Blender plugin incorporating the most versatile
UV unwrapping technigue. This plugin will empower and enable creators to transfer tactile

properties corresponding to their visual textures onto 3D meshes with ease and precision.
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Chapter 2

Related Works

Our research builds on existing work in two key areas: personalization of open-source designs
and geometric 3D stylization. These foundational domains inform the development of our
proposed system. To achieve accurate tactile texture mapping, we also leverage advances in
mesh parameterization and UV unwrapping, integrating these computational methods with

the core research domains.

2.1 Customization of Open-Source Designs

Personal digital fabrication and 3D printing have gained signi cant traction among both expert
and novice makers [30, 39]. This growth is driven by increased access to digital fabrication
tools, software, and blueprint databases, coupled with the rise of the DIY movement and a
growing desire among individuals to shape and personalize their own consumer goods [11].
Online platforms like Thingiverse [44] and Instructables [19] have emerged as hubs where
DIY makers share 3D models and designs, fostering a collaborative culture and community
centered around learning, creating, and sharing [1, 23].

Traditionally, creating 3D assets involves manual modeling using software like Blender
or Maya3D a process that is time-intensive and requires extensive expertise. To lower the

barriers to 3D printing, expand creative possibilities for beginners, and accelerate work ows
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for experienced designers, Al-driven mesh reconstruction models have emerged as powerful
tools. These models allow users to generate 3D meshes from text prompts [20, 26, 33] or
image prompts [2, 5, 10, 43], o ering exibility and ease of use.

Makers may seek to customize these existing 3D-printed models for uniqueness or to
Suit speci ¢ needs, or re ne generic or imperfect Al-generated results. However, signi cant
challenges remain in enabling creators to personalize both open-source and Al-generated
designs. Novice makers, in particular, struggle in understanding 3D modeling concepts
and navigating complex software tools [18, 32]. While some existing commercial tools,
such as Thingiverse's Customizer, provide basic customization options, they often fall short
of supporting highly speci c or idiosyncratic goals. For instance, few tools allow for the

customization of tactile properties in 3D models, leaving a gap for innovation in this space.

2.2 Geometric Stylization in 3D

Recent advances in Al-based 3D geometric stylization have focused primarily on visual
aesthetics. Paparazzi [27], for instance, o ers plug-and-play image processing algorithms,
including mosaic styling, smoothing, and neural style transfer, but for geometric editing and
stylization of 3D shapes. The Neural Mesh Renderer [21] accurately transfers the artistic style
of a 2D target image to a 3D model by modifying its color, texture, and geometry. Building
on this, 3DStyleNet [46] introduces part-aware low-frequency deformations for natural shape
transformation, while Text2Mesh [29] leverages CLIP's embedding space to enable semantic
manipulation of both color and geometric style for 3D meshes based on text descriptions.
Style2Fab [13] extends this work to allow functionality-aware geometric stylization to create
stylized but functional 3D models that can be fabricated with a 3D printer.

While these approaches excel at visual stylization, they overlook tactile properties, which
are crucial for ensuring that 3D-printed objects mimic the desired "feel" or material. Re-

searchers have developed techniques to capture and replicate surface microgeometry using
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height eld data [12], but these methods require sophisticated photometric sensing equipment,
limiting their accessibility and usability. This creates a signi cant barrier: creators can only
replicate textures for which digital surface microgeometry data already exists.

To bridge this gap, HapticPrint [40] and TactStyle [14] pioneered approaches to learning
the correlation between visual textures and their corresponding height elds, enabling tactile
property replication directly from input images. While both automatically generate height-
elds from 2D images, TactStyle advances beyond HapticPrint's simple grayscale conversion
by employing an image-generation model that better captures the complex relationship
between visual appearance and physical texture.

Building on TactStyle, this project seeks to enhance its functionality by not only generating
accurate height elds but also ensuring that they are applied to meshes without distortion or
stretching. By maintaining the integrity of the height elds, we aim to preserve the intended

tactile experience, ensuring that users achieve both the "look" and the "feel" they desire.

2.3 Mesh Parameterization & UV Unwrapping

Mesh Parameterization is the bijective (invertible) mapping of a 3D mesh onto a surface,
also known as the parameter domain [15, 35]. This mathematical mapping represents the 3D
mesh as continuous functions, enabling a wide range of applications in computer graphics
and geometry processing, such as texture mapping, mesh completion and editing, simulation,
and more.

Mesh parameterization remains a signi cant challenge in computer graphics [8, 41], as it
requires balancing competing factors such as distortion minimization and surface continuity.
Early advances in simultaneous optimization of surface cuts and UV mappings started with
seed triangles and iteratively added elements until a distortion bound was reached [36]. This
technique was later adapted for Rectangular Multi-Chart Geometry Images to encode 3D

triangular meshes onto a regularly sampled image grid, ensuring one-to-one texel assignment
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[6]. Optcuts [25] further advanced the eld by jointly optimizing surface cuts and mapping
distortion while maintaining global bijectivity. Despite their strengths, these methods are
limited to simpler triangular meshes and well-behaved surfaces, making them unsuitable
for high-complexity meshes, such as those extracted from neural elds generated by neural
networks, even after manual cleanup. Nuvo [37] addresses these limitations by relying on point
sampling when optimizing UV mappings, allowing it to be applied to any implicit surface
representation or polygonal mesh, making it particularly e ective for handling outputs from
3D reconstruction models, such as neural radiance elds (NeRFs). However, optimization-
based approaches like Nuvo, while powerful, are computationally expensive and time-intensive,
making them better suited for high-precision, specialized applications.

For general applications, projection algorithms o er a more practical and e cient alter-
native. Blender, for example, provides robust support for projection-based UV mapping
methods that balance e ciency, accessibility, and versatility. These algorithms deliver fast,
out-of-the-box solutions that are computationally inexpensive and can be applied in sec-
onds rather than hours, making them ideal for real-time work ows and rapid prototyping.
Given these advantages, we focus our implementation on exploring and evaluating these

projection-based methods.
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Chapter 3

System Overview

3.1 Geometric Re nement

Some meshes, especially simplistic ones, have a limited number of vertices or edges de ned.
For example, a default cube mesh may consist of only 8 vertices and 12 edges. However,
our method of tactile personalization, inspired by the Text2Mesh paper, applies small local
geometric displacements to each vertex in the mesh to preserve the overall structure of the
mesh while adding a higher level of tactile detail. With so few vertices, the desired texture
may not be adequately represented or apparent. To overcome this limitation, we experiment
with two solutions: remeshing and subdivisions. Both techniques alter the mesh topology
and, for our application, increase the vertex count, but they have di erent application focuses.
The di erences between a single iteration of both approaches are illustrated in Figure 3.1

and Table 3.1.

3.1.1 Remeshing

Remeshing improves mesh quality for simulation and analysis by making the mesh more
uniform, with more consistent polygon sizes and aspect ratios. To achieve this, we utilized the

pymeshlablibrary [31], which provides two primary remeshing methods: iso-parametrization
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Remeshing Methods Subdivision Methods
Default Cube pymeshlab Blender | trimesh open3D
(simple) | (simple) (loop)
Vertices 8 22 34 54 54
Edges 12 60 60 96 96
Faces 6 40 30 48 48
Triangles 12 40 60 48 48

Table 3.1: Final counts of vertices, edges, faces, and triangles for the cube mesh following a
single iteration of remeshing and subdivision techniques for geometric re nement.

remeshing and isotropic explicit remeshing. Our implementation focused on the latter.

The isotropic explicit remeshing method, loosely inspired by Hoppe et al. [17], applies
a series of local geometric operations such as edge ipping, edge collapsing, and edge
re ning to create a more uniform and densely tessellated mesh while preserving its overall
structure. Edge ipping adjusts the connectivity of triangles by ipping shared edges between
adjacent triangles, optimizing vertex valence and improving triangle aspect ratios to create a
more uniform mesh structure. Edge collapsing simpli es the mesh by merging vertices and
removing edges, e ectively eliminating redundancy in over-tessellated regions while preserving
the overall topology. Conversely, edge re ning subdivides edges and splits large triangles,
increasing vertex density in under-sampled areas to better capture ne details and complex
surface geometry. This balanced combination of operations results in triangles of similar size

and shape, more evenly distributed vertices, and better overall mesh topology.

3.1.2 Subdivisions

Subdivisions increase mesh resolution by generating a denser mesh with more elements,
achieved by splitting the polygons into smaller ones.

There are three main methods of subdivision: Simple, Loop, and Catmull-Clark [7].
Simple and Loop subdivisions are more suitable for triangular meshes, while Catmull-Clark
is primarily designed for quad or polygonal meshes. Each method produces distinct results

due to their di erent approaches. Simple subdivision increases the mesh density without
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(a) default cube (b) pymeshlabremeshed cube

(c) Blender subdivided cube(d) trimesh subdivided cube (e) open3dsubdivided cube

Figure 3.1: Comparison of geometric re nement techniques applied to the default
cube. This highlights the di erences in mesh structure and vertex densities.
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repositioning vertices or smoothing the geometry. In contrast, Loop and Catmull-Clark
subdivisions reposition vertices to create smoother surfaces. While smoothing is bene cial in
some cases, excessive subdivisions can oversmooth the mesh, unintentionally removing sharp
edges and corners. Since preserving mesh features is critical for our purposes, we focused on
implementing simple subdivisions.

Blender provides modi ers for both Simple and Catmull-Clark subdivisions, in which
users could adjust the number of "Levels Viewport" and "Levels Render" to control the
resolution in 3D view and the resolution when rendering. Higher levels of both produce more
detailed meshes. For programmatic solutions, thepen3dlibrary o ers a Loop subdivision
implementation, while trimesh supports Simple subdivision. A notable limitation of these
subdivision implementations is that they do not automatically rede ne or compute UV
coordinates for the new vertices created. Even if the original mesh had UV coordinates, the
new vertices would lack proper UV mapping. To address this, we used one of the following

UV unwrapping methods to determine UV coordinates for the subdivided mesh.

3.2 UV Unwrapping

Before feeding our input mesh to TactStyle for tactile personalization, it is essential to perform
UV unwrapping. UV unwrapping is the process of mapping the 3D surfaces of a mesh onto
a 2D plane, known as the UV atlas, to facilitate texture application. The quality of UV
unwrapping is critical because it directly impacts how textures are applied and perceived
on the model. Good UV unwrapping ensures uniform texture density across the surface,
preventing inconsistencies such as pixelation or blurring in some areas and high-resolution
appearance in others [42]. It minimizes texture stretching and squishing by preserving correct
proportions, reduces distortion in regions with high curvature or intricate geometry, and
avoids visible seams or mismatches by carefully placing or concealing cuts in the UV map.

Poor UV unwrapping, on the other hand, can lead to stretched, squished, or distorted textures
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due to mismatched UV proportions, uneven texture resolution, or misplaced seams that result
in visible artifacts. Proper UV unwrapping is therefore not just a technical necessity but a
critical step to ensure textures appear natural, smooth, accurate, and visually and tactilely

cohesive on the nal model.

3.2.1 Planar Projection

The original TactStyle implementation used planar projection for UV coordinate generation,
wherein the mesh vertices were rst normalized and theix and y coordinates were directly
mapped to UV space. This approach e ectively projects the 3D mesh onto a single plane,
attening the geometry along one axis hence the term "planar projection.”

However, this method is often unsuitable for UV unwrapping complex 3D models due
to its limitations in handling surfaces that deviate signi cantly from at planes or simple
geometric shapes. Surfaces at steep angles or perpendicular to the projection plane are prone
to texture stretching, squishing, or wrapping, resulting in unnatural textures. Furthermore,
projecting 3D geometry onto a 2D plane typically creates a single large UV island with
overlaps. Thus, we require a more sophisticated UV unwrapping method to ensure uniformity,
minimize distortion, and optimize seam placement for more complex 3D meshes provided in

Thingiverse and generated by Al-based 3D reconstruction models.

3.2.2 SF3D Cube Projection

The SF3D model, released by Boss et al., generates high-quality, UV-unwrapped object meshes
from single images [5]. We also investigated their implementation of a fast cube projection-
based UV unwrapping technique, which processes their generated meshes in under 150 ms.
This technique is slightly more complex than planar projection but remains computationally
e cient.

The method begins by aligning the mesh and normalizing its vertices so that the entire

scaled mesh ts within an imaginary 1 x 1 x 1 cube. Each vertex is then assigned to one of
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the six faces of this cube based on the direction of its normal. The UV coordinates for each
vertex are subsequently computed relative to the planar face it is assigned to.

To ensure uniqueness and prevent overlapping UV islands, each of the six cube faces is
allocated to a separate region in the UV atlas. This approach guarantees that all vertices have
distinct UV coordinates and that the UV islands do not intersect, preserving the integrity of
the UV mapping for visual texturing.

While this method is primarily designed to optimize the visual texture application
in the digital rendering of 3D models, it is not designed for seamless physical texture
mapping. Its approach prioritizes minimizing visual distortion and computation e ciency
but fails to address the key requirements of physical fabrication, including smoothness in
UV distribution, strategic placement within the UV atlas, and texture continuity across
seams. Unlike traditional methods that produce continuous disk-like UV islands [35], this
technique's lack of optimization for UV smoothness can lead to abrupt transitions and visible
artifacts, particularly at the cube face intersections and occlusions. Poor atlas placement
results in uneven texture resolution. When applied to haptics, these shortcomings can cause
discontinuities and inconsistent tactile feedback at UV seams, making this method less

e ective for applications requiring seamless and uniform physical texture mapping.

3.2.3 Nuvo

Srinivasan et al. introduced a novel technique for generating high-quality UV maps for 3D
meshes called Nuvo [37]. Unlike traditional UV unwrapping methods that rely heavily on
user-de ned seams or projection techniques, Nuvo uses neural elds to optimize UV mapping
directly. This approach addresses the challenges posed by volumetric density elds generated
from state-of-the-art 3D reconstruction and generation models. These elds are often neither
globally nor locally smooth and frequently contain numerous connected components, which
cause traditional UV unwrapping methods to produce fragmented UV texture atlases.

Unfortunately, the o cial implementation of Nuvo was not released. As a result, we

24



utilized Ray Xu's personal implementation of Nuvo to UV unwrap our meshes [45].

3.2.4 Blender UV Unwrapping Tools

Blender o ers intuitive and versatile UV unwrapping functionality to help artists, designers,
and developers apply detailed textures to 3D assets for use in interactive media, games, and
movies [4]. Users can opt for manual UV unwrapping to retain full control over their mesh or
utilize Blender's automatic UV unwrapping options for a faster work ow.

To ensure the UV coordinates are included in the exported mesh in Blender, check both

'UV Coordinates and [Triangulated Meshfrom the options available under the Geometry section.

Manual UV Unwrapping Users could manually UV unwrap their mesh by following the
steps in Figure 3.2a to strategically place the seams or the visible lines where the mesh is
unfolded.

Given TactStyle's focus on accessible tactile personalization for novice users customizing
existing models, we opted not to explore manual UV unwrapping. This technique requires
a signi cant time investment and deep technical expertise, making it prone to errors and
inaccessible to casual users. Additionally, this manual step demands familiarity with the
model geometry and an understanding of how seam placement a ects texture mapping,
which is not intuitive for beginners. Such complexity con icts with our goal of delivering a

streamlined, user-friendly customization process.

Automatic UV Unwrapping Consumers seeking a simpli ed and streamlined work ow
can leverage Blender's automatic UV unwrapping options, such as Smart UV Unwrapping,
Cube Projection, Cylindrical Projection, or Spherical Projection, depending on the complexity
of the desired mesh. Detailed steps for utilizing these features are provided in Figure 3.2c.
Alternatively, users can automate these processes by utilizing the Blender Python API [3].
Blender's Smart UV unwrapping method generates UV maps by segmenting the mesh

into islands based on surface angles and topology, making this automated technique e ective
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1. Switch to Edit Mode in the and set the selection mode t&dge Select.
2. Select the edges you want to mark as seams using the following controls:

" Hold to select or deselect individual edges.

" Hold to automatically select the shortest path of edges between the
previously selected edge and the current one.

" Hold to automatically select a loop of connected edges based on the
currently selected edge.

3. Once all desired edges are selected, right-click and cho[Mark Seam, or press M |
to set the selected edges as seams.

4. To UV unwrap the mesh, navigate to[UV ))Unwrag in the [3D Viewport, and the
manually unwrapped UV layout will now be visible in the[UV Editor|,

(@)
1. Click on the desired mesh directly in thg3D Viewport

while in Object Mode

2. Switch to Edit Mode and select the entire mesh by,

pressing A |.
3. Open the [UV] menu in the [3D Viewport, then choose

one of the automatic UV unwrapping options listed

below|Unwrap and above[Mark Sean). The resulting UV
mapping will be displayed in the/UV Editor|

(b) (©)

Figure 3.2: Blender gives users complete freedom over the process of manually UV un-
wrapping their mesh by following the steps de ned in 3.2a. Blender also provides various
automatic UV unwrapping tools, as detailed in 3.2b. Users can access these tools by following
the steps outlined in 3.2c.
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