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Abstract: Shape modeling is a dynamic area in computer graphics with significant applications
in computer-aided design, animation, architecture, and entertainment. Virtual sculpting, a key
paradigm in free-form modeling, has traditionally been performed on desktop computers where users
manipulate meshes with controllers and view the models on two-dimensional displays. However,
the advent of Extended Reality (XR) technology has ushered in immersive interactive experiences,
expanding the possibilities for virtual sculpting across various environments. A real-time virtual
sculpting system implemented in a Virtual Reality (VR) setting is introduced in this paper, utilizing
quasi-uniform meshes as the foundational structure. In our innovative sculpting system, we design
an integrated framework encompassing a surface selection algorithm, mesh optimization technique,
mesh deformation strategy, and topology fusion methodology, which are all tailored to meet the
needs of the sculpting process. The universal, user-friendly sculpting tools designed to support
free-form topology are offered in this system, ensuring that the meshes remain watertight, manifold,
and free from self-intersections throughout the sculpting process. The models produced are versatile
and suitable for use in diverse fields such as gaming, art, and education. Experimental results confirm
the system’s real-time performance and universality, highlighting its user-centric design.

Keywords: virtual sculpting; Virtual Reality; adaptive topology; animation; video game
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1. Introduction

Extended Reality (XR) encompasses all immersive technologies, including Augmented
Reality (AR), Virtual Reality (VR), and Mixed Reality (MR), each of which enhances the
way digital content interacts with the real world. Augmented Reality overlays virtual
objects onto the real world, allowing users to experience this blend through devices such as
AR glasses, smartphones, or tablets. Virtual Reality offers a 360-degree view of a digital
environment, achieved through VR headsets or head-mounted displays, fully immersing
users in a simulated world. Mixed Reality merges real-world and virtual elements, enabling
them to coexist and interact in real time. These technologies facilitate unprecedented
creative interaction between humans and machines, significantly advancing disciplines like
science, art, and technology [1–5]. For instance, the integration of the online automobile
rental and e-marketplace with augmented reality technology [6], leveraging its unique
advantages such as real-time interaction and precise 3D recognition, has provided a more
convenient, intuitive, and efficient service model for the automobile rental industry.

In the realm of computer graphics, shape modeling is pivotal, with a rich history
of diverse methodologies. These range from 3D shape reconstruction [7–9], where users
construct 3D models from RGB or depth images, to statistical shape modeling [10], which
generates models semantically similar to pre-existing references. Free-form modeling is
another prevalent method, which is split mainly into 3D sketching [11–13] and virtual
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sculpting [14–16]. Three-dimensional (3D) sketching allows users to begin with sponta-
neous doodles in space, which evolve into complex curves or surfaces, forming objects that
can be detailed without deformation. Conversely, virtual sculpting typically starts from a
basic 3D model that users shape using tools like inflating, deflating, and smoothing, and it
is becoming increasingly significant in creating 3D content for industries such as gaming,
film, and entertainment.

Traditionally, virtual sculpting was performed using desktop displays or holographic
two-dimensional screens [17]. The evolution of Mixed Reality technologies, including
devices like the HTC Vive, Oculus Rift, and Hololens, has revolutionized this field, allowing
for highly immersive and interactive sculpting experiences. However, most of the existing
sculpting tools in VR fall into mainly two categories, scupting a manifold mesh with simple
topologies and modeling a free topological implicit surface embedded in a space-partitioned
grid with limited resolutions. Motivated by these advancements, we have developed a
real-time virtual sculpting system in a VR environment, which allows arbitrary topologies
and resolutions.The main contributions of our system are summarized as follows:

1. The concept of quasi-uniform mesh is extended to virtual reality sculpting systems.
Through a series of meticulously designed algorithms, we achieve the capability
to perform arbitrary topological deformations on mesh within a VR environment.
Concurrently, the robustness of the mesh structure can be ensured throughout the
sculpting process.

2. Building on the foundation of achieving arbitrary topology and maintaining mesh
robustness, we have integrated a suite of essential sculpting tools—pull, push, flatten,
smooth, and paint—into our system. These tools are designed to cater to the diverse
and universal sculpting needs of users, enabling a broad range of artistic and technical
manipulations within the virtual environment.

3. Considering the diversity of the user base, we have meticulously designed an intuitive
operation interface for the sculpting system, ensuring it is accessible even to novices
who have never engaged in sculpting before. This design significantly lowers the
learning curve, allowing users to quickly become proficient with the system. The
interface is especially user-friendly for beginners, facilitating an easy and efficient
introduction to digital sculpting.

The rest of this manuscript is organized as follows: we first review the related work
in Section 2. The details of the implementation of our sculpting system are described
in Section 3, encompassing the algorithms utilized during a sculpting process and the
underlying mesh architecture. The details of the system interface and sculpting results are
discussed in Section 4, which are followed by the conclusion and future work in Section 5.

2. Related Work
2.1. Modeling Paradigm

The 3D modeling process encompasses a variety of techniques including parametric
modeling, Non-Uniform Rational B-Splines (NURBS) modeling, polygon modeling, and
sculpting methods like volumetric and polygon sculpting.

Parametric modeling, widely utilized in Computer-Aided Design (CAD) applications
such as SOLIDWORKS [18] and Autodesk Inventor [19], generates models based on user-
defined parameters like thickness or radius. This method allows for the easy modification
of model features by adjusting parameters, significantly reducing repetitive modeling
tasks. However, constraints and dependencies need to be meticulously defined by users
to maintain consistency in design updates, demanding substantial expertise and thus
resulting in a higher learning curve. Parametric modeling is especially beneficial for
designs requiring strict adherence to performance metrics and manufacturing standards.

NURBS modeling, which uses mathematical formulas to precisely represent object
geometries, is optimal for modeling complex curved surfaces. Despite its accuracy, it
becomes less practical for very complex surfaces. Industries requiring high-quality surface
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finishes, such as automotive and aerospace, commonly use NURBS modeling software like
Rhino 8 [20].

Polygon modeling, employed by prominent 3D software like Maya 2024 [21], 3DS
Max 2024 [22], Blender 4.2 [23] and Cinema 4D 2024 [24], involves the direct manipulation
of a mesh’s vertices [25]. This approach provides an intuitive editing experience, though it
approximates true geometrical shapes like spheres or arcs with multiple polygons, poten-
tially compromising model accuracy. Despite this, polygon modeling is highly efficient for
rendering and is predominantly used in film, animation, and gaming.

Sculpture-based modeling, including volumetric and polygon sculpting, offers an
intuitive model editing experience. Volumetric sculpting, proposed by Galyean et al. [26],
segments three-dimensional space into a voxel grid, where each voxel represents a portion
of the object. This method uses the Marching Cubes algorithm [27] to create surfaces based
on voxel states, allowing for flexible edits independent of other model parts.However,
model detail is limited by voxel resolution and high resolutions can be memory intensive,
making it less suited for intricate models. Subsequently, various volumetric sculpting
methods have been proposed [28–31]. Because each voxel is independent and does not
interfere with others, volumetric sculpting is relatively flexible, and the current state of the
model does not affect the subsequent editing process. However, the level of detail in the
model is limited by the resolution of the voxels, and higher resolutions can lead to issues
with excessive memory usage. Therefore, volumetric sculpting is more suitable for creating
simple models without sharp features.

Polygon sculpting, as exemplified by software such as Zbrush [32], enables the direct
manipulation of vertices and faces to construct detailed models. This method strikes an
effective balance between model precision and memory efficiency, rendering it ideal for
a wide range of modeling tasks. However, the inherent simplicity in the topologies used
during the sculpting process can sometimes restrict its ability to preserve intricate details.
This limitation may affect the sculpting of highly detailed or complex geometries, where
more advanced topological features might be necessary.

To this end, we have developed a universal sculpting tool tailored for real-time virtual
reality environments. Our approach is grounded in the paradigm of polygon sculpting,
which not only supports free topology but is also well suited for the dynamic and immersive
nature of virtual reality scenarios. This tool is designed to seamlessly integrate into VR
systems, providing users with an intuitive and flexible modeling experience that leverages
the benefits of polygon sculpting techniques.

2.2. Virtual Sculpting

In the virtual sculpting method proposed in 1991 by Galyean et al. [26], an initial
mesh structure was used to represent the starting form for the user’s sculpting process,
with changes recorded through customized interactive tools within a voxel grid space.
The voxel data were then converted into a mesh using the Marching Cubes algorithm.
Wong et al. [15] introduced a method for direct shape control using electronic gloves
as input devices, creating a control surface based on hand nodes, including joints and
fingertips, to guide the sculpting operation. Surfaces were parameterized, and the model
was updated by interpolating changes in hand positions. McDonnell et al. [16] presented an
interactive sculpting framework called Virtual Clay, which was based on subdivision solids
and physical modeling. This digital sculpting technology simulates the workflow of using
physical clay where the starting object is a virtual three-dimensional elastic clay. Users
can modify the topological structure of the virtual clay using various provided sculpting
tools, with the virtual clay responding predictably to user actions, which is enhanced
by tactile feedback for a realistic experience. In the realm of commercial applications,
Geomagic Freeform [33] emerges as a 3D design software that integrates seamlessly with
tactile devices, specifically featuring a force-feedback sculpting pen. This combination
enables a seamless transition from manual craftsmanship to digital design through intuitive
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tactile interactions, significantly reducing the design learning curve and accelerating the
design realization.

De Goes et al. [34] proposed Regularized Kelvinlets, which is a physically-based
virtual sculpting method where model deformation is achieved through the regularization
of linear elastic fundamental solutions, allowing for the realistic simulation of elastic
materials during interactive sculpting. Another study introduced a method for the real-
time sculpting of triangular manifold meshes with arbitrary deforming surfaces using
quasi-uniform grids, where users can select various gestures from a toolset for operations
ranging from smoothing to inflating surface regions, ensuring the output mesh remains
closed and non-self-intersecting [25].

In the previous works mentioned, the manipulation of sculpted models typically
required custom interaction tools and was visualized on desktop displays, limiting users to
a two-dimensional projection of three-dimensional objects. Users often needed to rotate
the scene to observe the global model. However, with the advancement of mixed reality
technology, free-form shape modeling has increasingly adopted the interactive mechanisms
of Virtual Reality (VR) and Augmented Reality (AR). VR and AR displays provide users
a complete three-dimensional view and an immersive experience, enabling an intuitive
design and review of three-dimensional models from any viewpoint. This significantly
enhances the artistic process in sculpture modeling within VR or AR environments.

Jang et al. [35] introduced an AR-based 3D sculpting system that enables users to sculpt
objects in real-world scenarios using midair gestures. This system utilizes a head-mounted
display (HMD) and camera to track the user’s hands and head in three-dimensional space,
rendering virtual sculpted objects that seamlessly integrate with the real-world environ-
ment. Lu et al. [36] developed a method for the real-time non-photorealistic rendering
of virtual sculpted content within augmented reality scenes, allowing for surface defor-
mation through tactile interaction. Their approach includes sophisticated post-processing
techniques to enhance visualization effects and ensure consistent rendering across time
and space.

In another advancement, a virtual sculpting system described in the literature [37]
employs a physical surface equipped with pressure sensors, simulating the sensation
of direct mesh contact during editing for a more immersive experience. Extending the
foundational research on virtual clay by McDonnell et al. [16], various studies have adapted
this sculpting technique to different contexts. Using a virtual elastic clay model to shape
final designs was proposed by Milliez et al. [38], rather than traditional surfaces, enabling
the blending of individual models into cohesive structures. Gao et al. [39] introduced a
virtual pottery system within a VR environment, featuring an intuitive and sophisticated
interface for artistic creation. This system employs a cylindrical clay mesh as the base for
sculpting, allowing users to dynamically adjust parameters such as height, thickness, and
radius to mold the mesh in real time, achieving the desired form.

Further research continues to explore the capabilities and applications of virtual clay, as
noted by Gao et al. [40,41], though the use of virtual clay mediums has been predominantly
confined to creating ceramic models and may not be suitable for other sculpting scenarios.
Additionally, a notable study by Zeidler et al. [42] focuses on sculpting human bodies
within virtual reality environments, demonstrating the breadth of VR sculpting applications.
Zhu et al. [43] developed a method for 3D modeling and sculpting in VR environments
based on surface deformation, employing a process that iteratively adjusts the influence
region of the initial base model, performs weighted deformation, and locally reconstructs
topology to gradually sculpt the target shape. However, this method does not support
changes in the topological genus, which introduces certain limitations on the shapes that
can be modeled.

Inspired by these pioneering works, we have developed a real-time VR sculpting
tool that supports free topology, integrating common functions used in general sculpt-
ing modeling and meeting the requirements of various sculpting scenarios. Our inter-
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face is designed to be simple and user-friendly, making it suitable for both professionals
and amateurs.

3. System Implementation

Our system is equipped with two types of brush modes and multiple sculpting modes,
which are designed to process sculpting tasks in three-dimensional space based on the
user’s controller inputs. The workflow for handling a single controller input involves
several key steps: selecting surface points, optimizing the mesh, deforming the mesh, and
fusing the topology. These steps ensure that each sculpting action is accurately executed,
reflecting the user’s intent and enhancing the overall precision and quality of the 3D
sculpting process.

3.1. Efficient Sculpting Region Selection

During the preliminary stage of mesh sculpting, selecting the surface vertices is
paramount because it determines the extent of subsequent deformations. To enhance the
efficiency of this step, an octree data structure is employed to organize the vertex data.
Furthermore, to cater to the diverse needs of sculpting tasks, two brush modes based on
Euclidean distance and geodesic distance, respectively, have been designed, as shown in
Figure 1. These brush modes allow for the flexible adjustment of vertex selection strategies
according to the specific demands of artistic creation, thereby achieving more refined and
individualized sculpting results.

(a) (b)

Figure 1. Two brush modes. The pink sphere in (a) is a spherical brush with its points selection
strategy based on the Euclidean distance. The pink ray in (b) is a ray-shaped brush with its points
selection strategy based on the geodesic distance. These brushes are oriented toward the negative
direction of the Z-axis. Additionally, the green ray points toward the positive direction of the Y-axis,
and the red ray points toward the positive direction of the X-axis.

3.1.1. Octree-Accelerated Triangle-Vertices Query

The octree structure, first proposed by Dr. Hunter in 1978, extends the quad-tree
concept into three-dimensional space. This tree-like data structure offers significant ad-
vantages in spatial decomposition, leading to its widespread adoption for describing
three-dimensional spaces.The octree structure efficiently partitions geometric entities in
three-dimensional space by dividing them into voxels of equal volume; these spatial objects
are recursively subdivided into smaller cubes with edge lengths of 2n using a looped
recursive approach that forms a directional graph with a root node. Within this structure,
if a subdivided voxel possesses homogeneous attributes, it is designated as a leaf node.
If not, the voxel is further subdivided into eight smaller cubes. This process of recursive
subdivision continues, as illustrated in Figure 2.
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Figure 2. The process of dividing the octree structure and the schematic diagram of its structure.

The octree data structure accelerates spatial queries, which we utilize to expedite
the surface points selection process. During the model initialization phase, we construct
an octree that synchronously stores triangles. In the query phase, the starting point of
sculpting serves as the center, and the sculpting radius defines the query radius. Candidate
triangles are searched for within this radius in the octree. These candidate triangles are
then utilized in the subsequent vertex selection process. This approach allows our points
selection process to avoid global traversal, focusing searches only within the specified
local region. This method significantly enhances the efficiency and responsiveness of our
modeling tool.

3.1.2. Points Selection for Spherical Brush

In the spherical brush mode, the selection of grid vertices in three-dimensional space
is determined based on Euclidean distance. After candidate triangles have been identified
in the previous step, the associated vertices are extracted as candidate points. These
candidate points are then traversed with the Euclidean distance being calculated be-
tween the coordinates of each candidate point and the sculpting starting point. Points
with a distance less than the sculpting radius are selected as points pending update.
This process effectively completes the selection of points on the grid in the spherical
brush mode, ensuring that only vertices within the designated sculpting area are targeted
for modification.

3.1.3. Points Selection for Ray-Casting Brush

The spherical brush mode effectively meets the requirements of conventional sculpting
and excels in the detailed sculpting of local areas. However, certain scenarios demand a
broader, more global perspective for sculpting. In these cases, the original model may be
positioned far from the user, encompassing a large sculpting area, making the spherical
brush mode less suitable. To accommodate the needs of large-scale sculpting while still
focusing on detail and accurately selecting points on the mesh surface, the ray-shaped
brush mode has been developed. In this mode, geodesic distance is employed during the
point selection process. This approach ensures the precise selection of surface points within
a defined geodesic radius, even in complex regions of the mesh, thereby preventing the
selection of irrelevant points.

Unlike Euclidean distance, which denotes the direct shortest distance between two
points in space, geodesic distance on a three-dimensional mesh refers to the length of the
shortest path along the surface between two vertices. As shown in Figure 3, the Euclidean
distance between the starting point p1 and the ending point p6 is represented by the length
d16 of the dashed line segment. Conversely, the geodesic distance is the sum of the lengths
of the actual path segments along the mesh surface, which is calculated as the minimum
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value of d12 + d23 + d34 + d45 + d56. This measurement is crucial for accurate point selection
in complex sculpting scenarios.

Figure 3. The geodesic distance and Euclidean distance between two points on the surface.

Calculating the geodesic distance involves assessing the accessibility between points.
Firstly, the vertices of the candidate triangles identified in the previous steps are designated
as candidate points. The triangle information is then utilized to establish neighboring
points for each vertex, creating an adjacency graph among the vertices. Subsequently, the
candidate points are screened using the Euclidean distance criterion, selecting those with a
Euclidean distance less than the sculpting radius. These points form the set of geodesic
candidate points. If the coordinates of the starting point coincide with any existing vertices,
the overlapping vertex is designated as the starting point; otherwise, the neighboring
information of the starting point is incorporated into the adjacency graph. Then, starting
from the starting point, Dijkstra’s algorithm is employed to calculate the shortest path
lengths to each candidate point. These distances represent the geodesic distances from the
starting point to the candidate points. Finally, the geodesic candidate points are iterated
over, selecting those with a geodesic distance less than the sculpting radius as the points
pending update. This completes the process of selecting points under the ray-shaped
brush mode.

This structured approach ensures precise and efficient point selection, optimizing the
sculpting process in complex scenarios. In various sculpting contexts, both the spherical
brush and the ray-shaped brush offer distinct advantages, as demonstrated through our
work on an existing dog model. As depicted in Figure 4a, when adding ornamental details
to the back area of the dog, both brushes perform comparably on surfaces that are smooth
and simply structured, as illustrated in Figure 4b,c.

Typically, we prefer using the spherical brush in standard sculpting contexts, especially
for fine detailing at close range, where it provides more precise control. However, for more
complex model structures, such as placing a collar around the dog’s neck as shown in
Figure 4d, which differs from the flat body region depicted in Figure 4a, there is a gap
between the ear and the head surface in Figure 4d. In such cases, the points selected
under the two brush modes may be different. As depicted in Figure 4e, the spherical
brush selects points based on Euclidean distance from the brush’s center regardless of
whether these points form a continuous surface. This can lead to the selection of points
on discontinuous surfaces like the dog’s ear and neck. In contrast, the ray-shaped brush,
as shown in Figure 4f, selects points based on geodesic distance, which allows for precise
selection on the neck without affecting the ear’s surface.

Owing to its design, the ray-shaped brush can extend its reach to more distant areas,
making it more suitable for long-distance sculpting or when precise point selection is
necessary. Therefore, for tasks requiring meticulous point accuracy or in contexts involving
extended distances, we recommend using the ray-shaped brush mode.
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(a) (d)

(b) (e)

(c) (f)

Figure 4. Points selection scenarios for two brush modes. (a,d) is the origin dog model; the area in
the red wireframe is the section we intend to sculpt. (b,c), respectively, correspond to the sculpting
outcomes of the spherical brush and the ray-shaped brush on simple surfaces. (e,f), on the other hand,
represent the sculpting results of the spherical brush and the ray-shaped brush in more complex area.

3.2. Mesh Optimization

To ensure robustness during the deformation of manifold grids, it is essential to per-
form pre-deformation optimization on the grid to achieve high-quality results once the
vertices pending update are identified. The core aspect of maintaining robustness through-
out the sculpting process is the suitability of the mesh structure. Uniform meshes consist
of nearly identical polygons, whereas non-uniform meshes are composed of polygonal
faces of varying sizes. Uniform grid models often exhibit superior characteristics in many
respects, including more stable structures and support for more efficient advanced geomet-
ric algorithms, compared to non-uniform mesh models. However, creating models made
up of uniform meshes presents challenges, especially for surface models with complex
topological structures. For our system, a simple, automated, base-level geometric model
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that can adapt to various deformations at interactive frame rates is required. Inspired by
the work of Stanculescu et al. [25], the quasi-uniform meshes are selected as the underlying
model for mesh optimization. Quasi-uniform meshes are not strictly uniform structures,
but they satisfy the robustness requirements necessary for mesh deformation in our system.

Before discussing quasi-uniform meshes, we define two terms:

• A ddetail tight mesh for a given closed manifold mesh M and a threshold ddetail , where
M is considered tight if every edge in M is smaller than ddetail . This configuration has
the advantage of possessing enough vertices to accurately reflect the geometry of the
underlying surface with precision better than ddetail .

• A manifold mesh conforms to a minimum length d if it is derived by iterating over
all the edges of the initial mesh M and collapsing those edges whose lengths are less
than d.

With this foundation, a quasi-uniform mesh can be defined as follows: there exist
ddetail and d ≤ ddetail/2, such that M ensures all edges are shorter than ddetail but tends to
maintain edge lengths greater than d. This mesh structure favors a uniform distribution
of surface vertices. According to the definition of quasi-uniform mesh, to achieve such
a mesh, our optimization iteration steps are primarily divided into two processes: edge
splitting and edge collapsing.

3.2.1. Edge Split

Given a manifold mesh M, all edges of M are traversed, and those edges whose length
exceeds ddetail are split. This splitting operation involves adding a vertex at the midpoint
of an edge and subsequently splitting the associated triangle into two adjacent triangles.
This edge iteration process is performed using a simple queue, where newly formed edges
are inserted into the queue. This procedure is repeated until a finite number of iterations
results in a ddetail tight mesh.

The splitting operation is illustrated in Figure 5. The pink edge in the left figure, being
longer than ddetail , is selected at its midpoint, splitting the edge into two equal parts. The
resultant four green edges, shown in the right figure, each have a length less than that of
the original longest edge. This ensures that the mesh gradually conforms to the desired
tightness without excessively elongating any individual segment.

Figure 5. Edge split. As the pink edge splits into two equal segments, the four created green edges
are smaller than the largest initial edge.

3.2.2. Edge Collapse

Although the mesh obtained from the above steps has the ddetail tight property, this
alone does not guarantee the high quality of the triangle mesh. To improve the quality of
the triangles, it is necessary to address edges shorter than d regardless of the increased time
complexity this entails.

During the collapsing process, the vertices of the edge to be collapsed are moved to
the midpoint of the edge. This adjustment ensures that no edge lengths in mesh M exceed
the collapse threshold d. As depicted in Figure 6, the green edge in the left figure is shorter
than d, prompting a collapsing operation. The resultant mesh structure, shown in the right
figure, reflects the changes made to optimize edge length distribution within the mesh.
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Figure 6. Edge collapse. The orange edge shorter than d will be collapsed, and the four pink edges
will become two green edges.

In addition, it is crucial to determine the legality of a collapse operation before its
execution. As illustrated in Figure 7, if the collapse operation results in intersecting triangles,
such an operation is deemed illegal, and therefore, no collapse will be performed on the
current edge. This precaution ensures that the mesh maintains its structural integrity and
avoids geometric anomalies.

Figure 7. The illegal collapse operation. The collapse of the orange edge results in the original two
adjacent green triangles becoming self-intersecting.

While the collapse operation may increase the length of some of some edges, it is a
challenge to ensure that all edges post-operation meet the minimum length d. However,
it can be ensured that the majority of the mesh edge lengths adhere to this minimum
length. Additionally, the collapse operation might compromise the ddetail tight property
of the mesh. Therefore, it is necessary to first execute the collapse algorithm first and
subsequently restore the ddetail tight property. Given that d is set to satisfy d ≤ ddetail/2, it
can be ensured that once the ddetail tight property is re-established after collapse, any edges
in the mesh longer than ddetail will not be split into shorter edges than d. This approach
helps maintain the desired mesh properties while preventing undue fragmentation of the
mesh structure.

During mesh optimization, the number of optimized triangles will be adaptively
adjusted based on the brush radius. The maximum and minimum edge lengths in the quasi-
uniform mesh are positively correlated with the brush radius, enabling the adjustment of
sculpting resolution by altering the brush radius. We have empirically established this
relationship based on experience:

d2
detail = 0.05 ∗ radius2

d2 = 0.25 ∗ d2
detail

Consequently, for the same original mesh, a smaller brush radius results in smaller
maximum and minimum edge lengths, leading to more edges being spilt and fewer edges
being folded in the mesh. This results in obtaining more triangles and a denser optimized
mesh. Conversely, when the brush radius is larger, the maximum and minimum edge
lengths are also larger, leading to fewer edges being spilt and more edges being folded in
the mesh. This results in obtaining fewer triangles and a sparser optimized mesh.

Compared to voxel-based sculpting systems [28–31], the use of quasi-uniform mesh
better accommodates varying sculpting resolution requirements without imposing signif-



Mathematics 2024, 12, 2428 11 of 26

icant memory burdens associated with higher resolutions, making it highly suitable for
general sculpting scenarios.

3.3. Mesh Deformation

After the initial steps are completed, an optimized quasi-uniform mesh for the region
to be updated is obtained. Then, this mesh is deformed using a deformation field whose
resolution matches ddetail . When handling the quasi-uniform mesh M and the deformation
field D, a sampling-guaranteed tightness approach is adopted, considering only the values
of the deformation field at the mesh vertices. This approach eliminates the need for
interpolating the field in the surrounding space, as the deformation primarily depends on
the vertex properties.

To ensure robustness during mesh deformation, it is essential to define the maximum
allowable displacement step, dmove, during surface evolution. This step size prevents a
vertex from moving through a non-incident facet as the mesh evolves. To determine dmove,
the minimum thickness, dthickness, allowed by the volume bounded by the surface is first
established. This dthickness denotes the minimum thickness that a quasi-uniform mesh
can support, meaning the distance between two non-adjacent vertices cannot be less than
dthickness. For a quasi-uniform mesh M with a resolution ddetail and a thickness not exceeding
dthickness , the maximum displacement step dmove must satisfy the following inequality:

4d2
move ≤ d2

thickness − d2
detail/3

Additionally, to prevent edge inversion caused by the partial tangential displacement
of vertices (which would result in the normals of neighboring triangles pointing inward), it
is crucial to ensure that dmove is less than half of the minimum distance dmin between two
neighboring vertices. Although dmin dynamically changes during mesh deformation, its
trend closely follows the parameter d. Thus, a constant dmove is selected directly based on d
rather than dmin in the system.

At each time step, the current deformation field influences the displacement of vertices
in the selected region. If a single deformation exceeds the maximum allowed vertex
displacement dmove, the initial deformation must be subdivided into basic deformation
steps that conform to dmove to complete the overall deformation. The specific deformation
process is related to brush operations, which in our work include Pull, Push, Flatten, and
Smooth. The handle menu interface for these operations is shown in Figure 8.

(a) (b) (c) (d)

Figure 8. Operation menu for switching between sculpting modes. (a) Pull. (b) Push. (c) Flatten.
(d) Smooth.

In this work, the deformation field is contingent on surface features such as normals
and Laplace coordinates. Specifically, the deformation fields for the Pull, Push, and Flatten
operations depend solely on the normals of each vertex, whereas the Smooth operation
relies on the Laplace coordinates.

The deformation field expressions for Push and Push are defined as

D(ri) = ε · b(ri/R) · Ni
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Here, ri represents the position of vertex i relative to the center of the spherical tool,
Ni denotes the normal at vertex i, R is the radius of the tool, also known as the engraving
radius, and ε takes the values +1 or −1, corresponding to the Pull and Push operations,
respectively. The function b is a decay function defined over the interval [0, 1], which is
expressed as

b(x) = (n − 1)xn − nxn−1 + 1

In this expression, the integer parameter n > 2 ensures that the first-order deriva-
tives at x = 0 and 1 are zero, facilitating a smooth transition between the deformed and
undeformed regions.

As illustrated in Figure 9b, during the Pull operation, each vertex moves in the
direction of its normal, i.e., it is deformed along the positive direction. Conversely, the Push
operation moves vertices in the opposite direction of their normals.

(a) (b)

Figure 9. Pull and Push operations on spherical shape. (a) Original shape. (b) Pull (+) and Push (−).

In the Flatten operation, the mean normal Navg and the center point Pcenter of the
vertices in the region to be updated are first determined. Subsequently, the vertices to be
updated are projected onto the plane defined by Pcenter and Navg. This operation facilitates
the sculpting of a platform-shaped mesh with relative ease.

The Smooth operation allows users to perform Laplacian mesh editing, specially
through Laplacian smoothing. The principle of this algorithm is to reposition each vertex
to the centroid of its neighboring vertices. As depicted in Figure 10, the yellow point
represents the original position of a vertex, while the pink point indicates the average
position of its neighboring nodes. The position of each vertex is recalculated using the
following formula:

Laplacian(P) =
1
n

n−1

∑
i=0

Adji(P)

This method smooths the mesh by averaging the local vertex positions, thereby en-
hancing the geometric continuity of the surface.

Figure 10. Position update in Laplacian smoothing. The gray points are the adjacent vertices of the
yellow point, and the yellow point will be relocated to the position of the pink point.

Under a deformation field that satisfies the previous constraints, the deformation
operation of our quasi-uniform mesh M is guaranteed to be disjoint, and the ddetail tight
property is preserved.
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For consistency in experimentation, the same initial model was used with a fixed
sculpting radius. Various types of operations were performed on this model once each. The
results of these operations are illustrated in Figure 11.

(a) Pull (b) Push

(c) Flatten (d) Smooth

Figure 11. Different operations on the same part of the mesh. (a) shows the result obtained by the Pull
operation, and (b) shows the result of the Push operation. While these two operations may appear
similar to the union and difference operations in Boolean operations, the deformations are gradual
processes that can be halted at any time to obtain intermediate results, unlike Boolean operations
which directly yield final outcomes. (c) represents the result of the Flatten operation, and (d) shows
the result of the Smooth operation.

3.4. Topology Fusion

If the process of modifying mesh vertices through simple topological operations results
in over-thinning of the surface, it can lead to changes in the topological genus, as illustrated
in Figure 12. In this work, potential self-intersections on the mesh surface are proactively
detected by systematically sampling the evolving mesh and the corresponding pairwise
deformation fields over time. This approach enables us to predict the changes in the
topological genus and facilitate a seamless transition in the mesh topology without the
need for computationally intensive triangle intersection calculations.

The topology fusion process is outlined as follows: before any potential local overlap
of two non-adjacent surface parts occurs, a simple collision detection is conducted. This is
achieved by centering a sphere with a diameter dthickness around the vertices and measuring
the distance between the points in their final positions. If the distance between two non-
adjacent vertices is less than dthickness, a change in the topological genus occurs. This
change is achieved through a vertex-joining operation, which eliminates closely positioned
non-adjacent vertices and merges the remaining vertices.

As depicted in Figure 13, the merging of two vertex neighborhoods is facilitated by
connecting their 1-rings. The Bresenham line algorithm [44] is utilized to connect the X
vertices on the first 1-ring with the Y vertices on the second 1-ring, while potential triangle
self-intersections are addressed through local smoothing. Following such a joining process,
additional iterations are necessary to refine the newly formed mesh structure, ensuring the
restoration of its quasi-uniform mesh properties.
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(a) (b)

(c) (d)

Figure 12. Topology fusion induced during the mesh deformation. (a) is the mesh before topology
fusion, and (c) is the corresponding wireframe. (b) is the mesh before topology fusion, and (d) is the
corresponding wireframe.

Figure 13. Merge the neighborhoods of two non-adjacent vertices if the distance between them is less
than the threshold dthickness.

3.5. More Specific Advantages
3.5.1. Free Topology

Our system supports free topology. In the spherical brush mode, the existing mesh
can be deformed following the previous steps, or a new mesh model can be directly added
in the mesh-free area. If no points on the surface of the mesh are selected in the previous
step, a new spherical mesh will be automatically added in the mesh-free area.

To prevent the user from inadvertently adding a new sphere inside the original mesh,
which could compromise the mesh’s robustness, the positional legitimacy of the mesh
needs to be verified before addition. The specific steps are as follows:

1. Ray Construction: Initialize from the center of the new spherical mesh, constructing a
ray that extends in the positive z-axis direction.

2. Region Search: Utilize the ray to search within the octree of the original mesh and
identify the triangles in the impacted regions as candidate triangles.

3. Triangle Traversal: Traverse through the candidate triangles and count how many are
intersected by the ray.

4. Legitimacy Check: If the ray intersects and odd number of triangles, this indicates
that the new spherical mesh will be added inside the original mesh; if even, the new
sphere will be added outside.

After these steps, the legality of the new mesh’s position can be confirmed. When the
center point of the brush is outside the original mesh and no vertices are selected within
the brush’s radius, a spherical mesh will be added at the brush position. This new mesh
becomes part of the overall mesh structure, and the octree is updated synchronously to
reflect this addition.
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Compared to existing virtual clay-based sculpting systems [39–41], our design allows
users to freely alter the topology of the model. For instance, in the same scenario of
sculpting a vase, existing systems can only add or remove elements from the base model.
In contrast, our system enables the addition of new models beyond the original model and
the connection of these new models with the original, offering greater freedom in sculpting.

3.5.2. Symmetrical Sculpting

A symmetry sculpting system function has been developed for sculpting tasks that
require symmetry. This function considers the center point of the model as the origin and
the x–z plane as the symmetry plane. We determine the symmetry point of the current
sculpting start point and simultaneously carry out the processes of surface selection, mesh
optimization, mesh deformation, and topology fusion in coordination with the original start
point. This approach ensures that the sculpting effects are symmetrically mirrored across
the designated plane, achieving a consistent and balanced aesthetic in the sculpted model.

3.5.3. Vertex Coloring

During the mesh optimization, the color of each new vertex is set to the average color
of its two nearest neighbors. This approach helps maintain reasonably consistent color
attributes during the sculpting process and facilitates automatic color filling. However, the
need may arise to alter the color of the mesh during the creation of a virtual sculpture. To
accommodate this, a coloring function has been designed that allows users to adjust the
brush color using a palette. After selecting surface points, users can set the color of vertices
within the selected region to match the brush’s color, thus achieving manual coloring and
enhancing creative flexibility.

3.5.4. Model Rotating Sculpting

During traditional sculpting, continuous surface textures are often created by rotating
solids. Inspired by this technique, a model rotation function was developed in our sculpting
system. The center point of the model is designated as the origin, and the corresponding
Y-axis is used as the rotation axis. The model can be rotated around this axis in both
clockwise and counterclockwise directions. Concurrently with the rotation, sculpting
operations can still be performed, akin to piping frosting on a cake. This functionality
allows for relatively uniform modifications to the model, enhancing both the versatility
and the realism of the sculpting process.

4. Results and Discussion
4.1. User Interface

The HTC Vive is utilized as the experimental hardware platform for our system, which
includes an HMD and two wireless handheld motion controllers. The HMD has a resolution
of 2160 × 1200 (1080 × 1200 per eye) and a refresh rate of 90 Hz. Users can observe 3D
models through the headset and use the controllers for input. Figure 14 illustrates the
operation interface of our sculpting system. While it differs from the interface of traditional
2D sculpting software, our interface is designed to be intuitive and clear, enabling users
to effortlessly learn how to sculpt three-dimensional models in a VR environment. This
user-friendly design facilitates a smooth transition for artists and designers who may be
new to virtual reality sculpting tools.

As illustrated in Figure 14a,c, the touchpad on the left controller is segmented into
four functional areas. Pressing on the left or right sides of the touchpad results in clockwise
or counterclockwise rotation of the model, respectively. Similarly, pressing on the top
or bottom sides toggles between uniform and adaptive topology modes. Additionally,
users can scale the model by touching the touchpad of the left controller to meet various
visualization requirements.

The left-hand menu button toggles the display of the sculpting menu. When active,
pressing the left or right sides of the touchpad allows users to scroll through different
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sculpting modes, including Pull, Push, Flatten, Smooth, and Paint. Holding down the
trigger on the left controller enables users to reposition the model to a desired location.
Moreover, pressing the side button on the left controller facilitates saving the final model to
a predefined directory.

(a) (b)

(c) (d)

Figure 14. The interface of two controllers. (a) is the left-hand controller operation interface, and (b) is
the right-hand controller operation interface. (c,d) denote the left-hand and right-hand touchpad
partitions, respectively.

The functions associated with the right-hand controller are depicted in Figure 14b,d.
The touchpad on the right-hand controller is divided into four functional zones. Pressing
the upper half toggles between the spherical brush mode and ray-shaped brush mode,
while pressing the lower half switches between symmetric and asymmetric modes. Pressing
on the left side of the touchpad undoes the most recent mesh operation, and pressing on
the right side redoes the action. Sliding on the touchpad adjusts the sculpting radius to
accommodate different resolutions required for precise sculpting.

The right-hand menu button activates the color adjustment interface. When this
interface is active, pressing the left or right sides of the touchpad selects the current color
channel for adjustment. Sliding up or down on the touchpad adjusts the value of the
selected color channel within the range of 0 to 255. This adjustment is crucial for applying
the desired brush color to selected vertices. Holding the trigger on the right-hand controller
executes the mesh operation corresponding to the current sculpting mode. In addition,
pressing the side button on the right-hand controller clears all current operations and
restores the model to its initial state.

4.2. System Usability

The experimental procedure was conducted on a computer equipped with a 2.5 GHz
Intel i7-11700F CPU, 16 GB of RAM, and an NVIDIA RTX 3060Ti graphics card. The results
of the experiment highlight the performance and visual quality of our work. A superior
sculpting system must ensure that the model maintains a robust mesh structure throughout
the sculpting process, requiring the resulting manifold mesh to be closed and free from
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self-intersections. In our system, a series of algorithms have been designed specifically
for the virtual sculpting. Each step in the mesh transformation is executed sequentially,
adhering to the robustness requirements of the mesh. The importance of these steps will be
demonstrated through the experimental results presented in the following sections.

Topological Auto-fusion: During the sculpting process, if the distance between two
non-adjacent mesh points falls below a certain threshold, a change in topology becomes
necessary. Topological auto-fusion is a critical step for achieving seamless topology changes
and is essential for maintaining mesh quality. In this phase, mesh conditions with and
without the implementation of topological auto-fusion mechanisms are compared. As
shown in Figure 15a, the absence of topological auto-fusion leads to self-intersections
within the triangular meshes. Figure 15b,c display the corresponding mesh wireframes
of the model, revealing disordered surface triangles. Figure 15d illustrates the mesh after
applying topological auto-fusion, showcasing well-integrated triangles without any self-
intersections. Upon examining the mesh wireframe in Figure 15e,f, it becomes evident that
the post-fusion mesh maintains relatively uniform characteristics, resulting in a smooth
topological transformation.

(a) (b) (c)

(d) (e) (f)

Figure 15. The case of mesh with and without the topological auto-fusion mechanism. (a) is the
case where intersections appear as can be seen from the inside of the mesh without the topology
auto-fusion mechanism. We can see that the outer mesh appears misaligned in (b), and the zoomed-in
case can be seen in (c). Correspondingly, (d) corresponds to the case of the interior of the mesh
with the topological auto-fusion mechanism. As can be seen in (e), the outer mesh maintains good
properties, and the zoomed-in case can be seen in (f).

Position Reasonability Inspection: When adding new spherical models to a mesh-
free region, defining the addition of a new model inside the original model as an illegal
operation is crucial. Conversely, adding a model outside the original model is considered a
legal operation. Therefore, inspecting the rationality of the position where a model is to be
added is an indispensable step. The impact of including or omitting this inspection phase on
the mesh was evaluated. In the absence of this inspection phase, the default spherical model
could be added both inside and outside the original model, as shown in Figure 16a. Adding
a new model inside the original model can lead to surface breakage, compromising the
robustness of the original mesh, as depicted in Figure 16b. By implementing the rationality
inspection phase, illegal additions inside the original model are prevented, while the
addition of new models outside the original model remains unaffected, as demonstrated in
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Figure 16c,d. Ensuring only legal additions helps prevent surface breakage and effectively
maintains the robustness of the mesh.

(a) (b)

(c) (d)

Figure 16. Illegal and legal model adding operations. (a) presents the illegal operation, and the
resulting broken mesh is shown in (b). (c) shows the legal operation, and it does not affect the
subsequent sculpting as shown in (d).

Real-Time Interactivity: Beyond maintaining the robustness of the mesh during the
sculpting process, the real-time responsiveness of interactions within a VR environment is
crucial, as it significantly enhances the user’s immersive experience. The experiments on a
spherical model comprising 2562 vertices were conducted with a constant sculpting radius
throughout the experiment. Table 1 presents the time taken to perform a single operation
under various sculpting modes. Due to slight variations in the underlying implementations
of different brush modes, the duration of operations varies. For instance, the ray-shaped
brush mode involves calculating geodesic distances for point selection, which leads to
longer execution times compared to the spherical brush mode. Moreover, a complete
operation on the mesh includes additional processing steps, resulting in a total operation
time that exceeds the sum of the durations of the initial components. The overall time taken
for a single operation demonstrates that the execution time for a regular mesh operation is
swift in our system, thus ensuring excellent real-time responsiveness to user inputs.

Table 1. Time consumed in each phase of an operation. We take the average of 20 operations as results.

Brush Mode Sculpting Mode Points Selection Mesh Optimization Mesh Deformation Total

Spherical Brush

Pull 0.092 ms 0.133 ms 0.0019 ms 3.944 ms
Push 0.071 ms 0.101 ms 0.0019 ms 3.993 ms

Flatten 0.068 ms 0.022 ms 0.0028 ms 3.643 ms
Smooth 0.075 ms 0.028 ms 0.0054 ms 3.782 ms

Ray-Shaped Brush

Pull 0.796 ms 0.085 ms 0.0017 ms 4.737 ms
Push 0.869 ms 0.086 ms 0.0016 ms 4.692 ms

Flatten 1.009 ms 0.029 ms 0.0028 ms 4.897 ms
Smooth 0.897 ms 0.041 ms 0.0062 ms 4.732 ms
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User Study: The goal of the user study is to compare the usability of the proposed
system with an existing commercial virtual reality modeling system. We used Shapelab [45]
as a representative of commercial systems. Both systems run on HTC Vive virtual reality
devices and have similar operations.

Fifteen participants were invited to participate in the study, including nine males
and six females, aged between 22 and 40 years (mean = 25.07, std = 4.25). Four of the
participants had previous experience with VR systems (26.7%). Considering that many
subjects were new to virtual reality, each subject received a quick VR training session
before the study began to mitigate the influence of “wow factors” on subjective perceptions.
Following the training, participants were tasked with completing two tasks. The order of
the tasks was counterbalanced among the subjects.

Task 1 The participants were required to freely explore the functions of the proposed
system within 10 min and create their own models with creativity.

Task 2 The participants were required to freely explore the functions of the Shapelab
within 10 min and create their own models with creativity.

To evaluate the various performance aspects of the two systems, relevant indicators of
subjective usability judgments were collected, encompassing six dimensions: system ease
of use, functional completeness, modeling robustness, detail implementation, topological
freedom, and overall evaluation. A tailored usability questionnaire was designed targeting
these six dimensions, consisting of seven-point Likert-scale items (see Appendix A).

The results of the user study are presented in Table 2 and illustrated in Figure 17. From
the results, it can be observed that in terms of system ease of use, the proposed system
scored slightly higher than Shapelab, indicating that under free exploration conditions,
the proposed system is more user-friendly for novices and its functions are more intuitive.
However, the integrated functions are relatively basic and general. Compared to Shapelab,
the proposed system lacks some detailed sculpting tools for different shapes, resulting in
lower scores in terms of functional completeness and detail implementation. Furthermore,
the scores of the two systems are similar in terms of modeling robustness and topological
freedom, suggesting that the proposed system can maintain good model robustness during
the sculpting. Benefiting from the functional design of free topology, users can freely add
new models in space, enjoying a high degree of freedom. Finally, in the overall evaluation,
our score is lower than that of Shapelab, which is a reasonable outcome. This indicates that
while the proposed system can basically meet some basic sculpting requirements, there is
still much improvement for further study.

Figure 17. Scores of the two compared systems in six evaluation dimensions, including system ease
of use, functional completeness, modeling robustness, detail implementation, topological freedom,
and overall evaluation.
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Table 2. Average and standard deviation of user study (upper row: average, bottom row: standard
deviation).

System System Ease of
Use

Functional
Completeness

Modeling
Robustness

Detail Imple-
mentation

Topological
Freedom

Overall
Evaluation

The Proposed 5.80 4.20 6.33 5.60 5.73 5.73
0.86 0.77 0.49 0.63 0.46 0.59

Shapelab 5.20 6.40 6.47 6.20 5.67 6.13
1.08 0.63 0.52 0.56 0.72 0.35

4.3. Created Models

Finally, we showcased models with complex topological structures created using
the VR sculpting application described in this paper, as illustrated in Figures 18–20. The
number of vertices in these models ranges from 10,000 to 100,000, and the time taken to
sculpt them varies from 15 min to 1 h. Specifically, the model depicted in Figure 18 was
crafted based on an imported model; the model in Figure 19 was created by the user from
scratch. Additionally, as illustrated in Figure 20, the user can also freely apply colors to the
models, enhancing their visual appeal and realism.

Additionally, Figure 21 presents the complete process of sculpting a beautiful vase.
Fundamental operations such as Pull, Push, and Flatten were utilized to construct the main
body of the vase, thereby establishing its basic shape. Subsequently, the Pull operation was
employed while rotating the model to skillfully create a suspended ring, and through the
Push operation, unique ornamental holes were added to this ring. To enhance the visual
impact of the vase, the Pull technique was further applied to delicately create decorative
patterns connecting the ring to the main body of the vase. Thereafter, elegant handles were
designed and sculpted on both sides of the vase. The addition of these details not only
elevated the aesthetic appeal but also enhanced the practical value of the vase. Subsequently,
undulating decorative motifs were created along the outer wall of the vase by rotating the
model and using the Pull operation. Finally, to ensure the overall beauty of the vase, the
Pull technique was employed to meticulously sculpt symmetrical textures on its surface.
The entire sculpting process was carried out in a symmetric pattern, and extensive use was
made of Smooth operations to ensure the smoothness of the model.

(a) (b)

Figure 18. Cont.
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(c) (d)

Figure 18. Models created by novice users based on existing models. (a,b) are origin models. (c) is a
rabbit with horns based on (a), and (d) is a dog with wings and collar based on (b).

(a) (b)

Figure 19. Models created by novice users from scratch. (a) is a monster head, and (b) is a fantasy arthropod.

(a) (b)

Figure 20. Sculpted colored models. (a) is a bunch of grapes, and (b) is a magic broom.
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(a) (b) (c)

(d) (e) (f)

Figure 21. Sculpting sequence of a vase model. (a) is the basic shape of the model. A ring is created
with holes as shown in (b), and the connection between the ring and the model’s body is established
in (c). In (d), the handles are added, and then we add the undulating motifs around the surface in (e).
Finally, we sculpt some symmetrical textures for the visual impact as shown in (f).

The model created by this system possesses the attributes of being closed, manifold,
and free from self-intersection, making it versatile for applications such as animation
design, game character modeling, and 3D printing, depending on specific requirements.
This versatility underscores its high level of freedom and entertainment potential. Figure 22
demonstrates a model printed using 3D printing technology. The model possesses high-
quality characteristics, eliminating the need for corrections or similar operations. It can be
printed directly after adjusting to the appropriate size according to specific requirements.

In the experimental results presented, all models were created by a novice without
formal training. These results demonstrate that our sculpting system is exceptionally
user-friendly for beginners. Users can quickly familiarize themselves with the functions
of different buttons on the controller and freely express their creativity using customized
initial models. Additionally, within the immersive digital environment of VR, users can
observe a 360-degree view of the model at any time. This feature significantly enhances the
user’s perception of the position and distance of sculpting, making it more convenient to
adjust model details.
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(a)

(b)

Figure 22. Three-dimensional (3D) printing model entities. (a) is the entity of vase, and (b) is the
entity of fantasy arthropod.

In summary, the strengths of this system lie in its robust sculpting, high-quality mesh
generation, and simple operation for model creation, allowing even novices to complete
their own designed models, thus offering strong entertainment value. However, the system
has limitations in that it relies on spherical-based sculpting models with a single brush
shape and lacks a pinching sculpting mode, making it difficult to create sharp features.

5. Conclusions and Future Work

This paper introduces a virtual sculpting system specially designed for the virtual
reality environment. The system incorporates an integrated toolkit that includes tools such
as Pull, Push, Flatten, Smooth and Paint, allowing users to easily sculpt their desired models.
The user-centric sculpting interface is intuitive and friendly, reducing learning costs. This
paper applies the quasi-uniform mesh to virtual reality sculpting and implements a series
of well-designed algorithms to achieve arbitrary topological deformation in VR settings.
These enhancements ensure the continuous robustness of the mesh structure.

Overall, our sculpting system provides a deep sense of immersion, allowing users
to directly edit and observe models in three-dimensional space. The models created by
sculpting are universal and can be used in various fields such as 3D printing, animation
and games. The experimental results further emphasize the ease of use of the system for
beginners and verify the efficacy and accessibility.
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However, our current work still has some limitations that we plan to address in future
developments. Currently, the update of surface vertices is based on a spherical shape, and
we intend to support the importation of custom models in the future, using the shapes of
these models as the basis for editing the mesh. Additionally, we plan to replace the default
spherical model used in mesh-free regions with imported models. The controller currently
implemented in our system is the handle that accompanies the HTC Vive virtual reality
device. This controller lacks tactile feedback compared to an authentic sculpting process,
thus compromising the sense of realism. In future work, we will actively experiment with
the integration of virtual reality devices and haptic gloves. This combination will enable
digital sculpting through the natural movement of hand joints while providing real-time
feedback on the pressure applied to the hands. Using haptic gloves allows users to feel as
if they are interacting with a real object, ultimately resulting in more intuitive sculpting.

Furthermore, with recent advancements in artificial intelligence, there have been
numerous studies on generative modeling in the field of modeling, such as those by Poole
et al. (2022) [46], Jambon et al. (2023) [47], Ding et al. (2023) [48], Lin et al. (2023) [49],
He (2024) [50], and Wang (2023) [51]. These works typically generate three-dimensional
models based on semantic descriptions or images, although the resulting models may not
always fully align with expectations. Users might wish to adjust specific parts of these
models, and since our system can handle initial models in any format, we are considering
integrating AI modeling technology in the future to enhance the downstream processes
of generative modeling. Our goal is to develop a comprehensive system within the VR
environment that facilitates the complete flow from model generation to model adjustment.
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Abbreviations
The following abbreviations are used in this manuscript:

XR Extended Reality
AR Augmented Reality
VR Virtual Reality
MR Mixed Reality
3D three-dimensional
2D two-dimensional
NURBS Non-Uniform Rational B-Splines
CAD computer-aided design
CPU Central Processing Unit

Appendix A. Usability Questionnaire

1. Rate how easy it was for you to master the use of the system (1 = extremely difficult,
7 = extremely easy).

2. Rate the completeness of the design functions in the system (1 = extremely incomplete,
7 = extremely complete).

3. Rate the frequency of errors occurring during the sculpting process (1 = extremely
high frequency, 7 = extremely low frequency).
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4. Rate how convenient it was for you to implement the model details (1 = extremely
inconvenient, 7 = extremely convenient).

5. Rate how freely you can alter the model’s topology (1 = extremely restricted,
7 = extremely free).

6. Rate the overall system (1 = extremely poor, 7 = extremely good).
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