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Figure 1: VRCreatln is a virtual reality (VR) 3D content creation solution that supports the process of 3D scene creation (a)
starting from ideation and going beyond to modeling (c), lighting, and texturing (a, d). It is based on a design space focusing on
in-situ interaction for unconstrained 3D mid-air and constrained 2D surface-based interaction using pen and tablet (b).

Abstract

Mixed reality (MR) in-situ authoring has demonstrated advantages
for 3D content design regarding perception, understanding, and
accessibility, satisfying the growing demand for MR content in in-
dustry, education, and entertainment. However, existing MR tools
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mostly focus on ideation and sketching, making further steps such
as 3D modeling, lighting, and texturing not sufficiently researched
yet. This research gap raises the need to explore end-to-end 3D
content creation workflows in MR environments. We introduce
VRCreatlIn, an all-in-one virtual reality (VR) solution for 3D content
creation informed by expert interviews (N=6) and a design space
analysis. It pioneers an integrated multimodal workflow through
all stages of 3D modeling, lighting, and texturing based on pen
and tablet interaction. Our usability walkthrough (N=10) confirms
that VRCreatIn transfers the benefits of pen and tablet to the whole
content creation workflow, broadening the scope of 3D content
creation in VR. These contributions pave the way for future re-
search, establishing VRCreatIn as a cornerstone for comprehensive
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3D design in VR environments that can be transferred to the whole
MR continuum.

CCS Concepts

+ Human-centered computing — Walkthrough evaluations; Mixed
/ augmented reality; Virtual reality; Interaction techniques;

User interface design; User centered design; « Computing method-
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1 Introduction

The growing popularity of mixed reality (MR) in diverse sectors
such as industry, education, and entertainment has intensified the
demand for sophisticated 3D content creation solutions [70]. Tra-
ditional desktop-based tools like Blender [14] and Unity [83] offer
comprehensive features, yet MR-based in-situ authoring has shown
unique advantages in the perception and understanding of 3D de-
sign [72]. It further improves upon the trade-off between complexity
and functionality found in traditional tools and expands the user
base by increasing the available content by allowing those without
expert knowledge to author content [9, 30, 70]. This will be impor-
tant in the future so that 3D content can be generated for MR-based
social media or so that teachers and lecturers can create their MR
teaching materials.

However, existing MR tools for 3D content creation often special-
ize in narrow tasks like sketching (e.g., VRSketchIn [30] or Symbio-
sisSketch [9]), contrasting with the broader capabilities of traditional
desktop applications. A professional workflow supports the whole
process, starting with sketching/ideation and continuing with mod-
eling, lighting, texturing, and animation [14, 83], while only the
latter create actual high-fidelity 3D assets. Therefore, it is currently
not investigated how to create high fidelity 3D assets for MR in-situ
in MR, wasting to transfer the mentioned benefits (e.g., perception
and understanding of 3D assets [72]) to this.

We introduce VRCreatIn to investigate 3D content creation be-
yond sketching/ideation in virtual reality (VR). Our system design
builds upon previously validated designs that leverage pen and
tablet interactions for MR in-situ sketching (e.g., VRSketchln [30]
and SymbiosisSketch [9]; see Figure 6). Both Drey et al. [30] and
Arora et al. [9] have demonstrated that this design approach ef-
fectively combines the freedom of 3D mid-air drawing with the
precision of 2D surface-supported drawing and that it works inter-
changeably in VR and augmented reality (AR), meaning the whole
MR continuum [28, 68]. VRCreatIn’s focus on modeling, lighting,
and texturing is based on expert interviews conducted with 3D
content creators (N=6; evaluated using thematic analysis [15, 16]).
We define a content creation process based on their feedback (see
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Figure 2) and create a design space (see Figure 3) to ground the
system design of VRCreatIn. With this work, we are the first to
investigate additional content creation phases of 3D assets using
pen- and tablet-based interaction.

To validate our approach, we implemented a feature set, selected
for its representativeness, into a prototype. We explain the proto-
type through a use-case demonstration (see Figure 7). It was tested
during a usability walkthrough by N=10 participants conducting
two content creation tasks (see Figure 8) and evaluated using the-
matic analysis [15, 16]. Individuals of varying skill levels welcomed
the tool’s adaptable and modular features. It was deemed beneficial
to have pen- and tablet-interaction also in advanced process steps,
including the seamless switching of all process steps as they are all
provided in one tool. Our research shows that VRCreatIn enhances
in-situ 3D design to process steps beyond ideation and enables
iterative improvements across multiple process steps, thereby ex-
panding the possibilities for 3D content creation in VR (results are
transferable to the whole MR continuum [28, 68]).

VRCreatIn provides the following three main contributions, cat-
egorized according to the contribution types of Wobbrock and
Kientz [86]:

(1) The definition of a design space derived from a 3D content
creation process based on expert interviews (N=6) as well as
previously validated system designs that leverage pen and
tablet interactions for MR [9, 30]. It represents and catego-
rizes interaction metaphors for an MR in-situ 3D content
creation workflow. (theoretical and empirical contributions)

(2) The concept and implementation of the VRCreatIn system ap-
plying unconstrained 3D mid-air pen and 2D surface-based
pen and tablet interaction to content creation steps beyond
sketching/ideation, namely modeling, lighting, and textur-
ing. This is exhibited by a use case demonstration. (artifact
contribution)

(3) Initial insights on usage patterns of VRCreatln, based on a
usability walkthrough (N=10) encompassing two 3D content
creation tasks. (empirical contribution)

2 Related Work

Previous works in the areas of traditional 3D content creation, as
well as works using MR, set the base for VRCreatlIn.

2.1 Definition and History of 3D Content
Creation

First, we want to define what we consider as 3D content creation in
this work. 3D content creation refers to any software-aided process
involved in generating computer imagery or virtual 3D objects in a
virtual 3D space [13, 22, 25]. The field became accessible with Ivan
Sutherland’s 1963 software, Sketchpad [22, 81]. Industry adoption
of computer-aided design (CAD) software like AutoCAD in the
1980s led to standardization and affordability [35]. Nowadays, the
availability of free tools such as Blender has expanded the field
to freelancers and hobbyists that create video games or animated
movies [14, 73].

3D content creation involves several phases, also tailored to
different stakeholders and use cases (e.g., CAD engineer vs. game
designer) [30]. Major phases that VRCreatIn focuses on are ideation/
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sketching, modeling, and texturing [14, 22, 49]. We will describe
related works for them here briefly before conducting expert inter-
views in the following to define the phases for a content creation
process used for VRCreatln (see Figure 2).

As the first phase, ideation and sketching are often interlinked, as
ideas can be fast and efficiently expressed using sketches. Sketching
apps use 3D lines/strokes, as seen in Surface Drawing [78] and
Thor [7], rather than volume-based representations. These lines
usually lack additional features like anchor points.

For modeling 3D objects, primitives (e.g., cubes or spheres) are
used as a base. Primitives can often be selected from a list and placed
in the 3D scene to build complex objects, as seen in Blocks [42],
Mix&Match [80], 3DBrushVR [88], HoloSketch [26], and CaveCAD
[79]. 3D shapes can also be generated from 2D contours by drawing
on a 2D plane and extruding it [30, 75] or by drawing contours
from multiple perspectives for more complex shapes [61, 62, 76].
Constructive Solid Geometry (CSG) allows the creation of complex
shapes based on primitives by combining and modifying them
using operations such as union, difference, and intersection on
them [38, 67]. Various manipulation techniques focus on vertices,
affecting the object’s edges and faces. Operations include extrusion,
smoothing, and warping. More complex methods like sculpting also
manipulate vertices [22].

To enhance the realism, 3D objects use textures to have a sur-
face showing colors. Texturing can be performed through various
methods, e.g., by drawing them [36, 52, 64] including artificial in-
telligence (AI) support [87] or choosing predefined ones from a
database [21]. Results can range from simple coloration to com-
plex textures that simulate effects like roughness or opacity (e.g.,
mosaics [1] or simulated oil paint [23]).

2.2 3D Content Creation in MR

Early milestones in 3D content creation in VR were 3DM [17],
HoloSketch [26], CavePainting [55], and FreeDrawer [85], which
allowed 3D volumetric objects and sketches. With the availability
of consumer head-mounted displays (HMDs), applications such as
TiltBrush [6] and Gravity Sketch [40] were created, focusing on
artistic sketching-based content creation. Lately, commercial tools
have implemented some further content creation steps in MR, e.g.,
Adobe Substance 3D [2], which supports modeling and sculpting or
Shapelab VR which also supports texturing [60].

To support users in mastering the degrees of freedom (DOF) of
3D mid-air interaction, previous works have investigated how phys-
ical and virtual surfaces can be supportive constraints to increase
precision and usability [10, 34, 56]. The works VRSketchln [30]
and SymbiosisSketch [9] have built on this and investigated sys-
tem designs on how to combine 3D unconstrained mid-air and 2D
constrained surface-supported input. They used interaction tech-
niques based on a 3D pen and a 2D pen on a tablet, which could
seamlessly be switched. Their results show that bringing together
3D and 2D interaction can improve system usability and creative
possibilities by combining the freedom of 3D with the precision of
2D. Further works exist that emphasize the positive influence of the
haptic feedback of a pen or haptic objects in general on a physical
surface on the user experience and creativity (see SpARklingPa-
per [31] and Fujinami et al. [39]). Besides pure sketching, Jetter et
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al. [52], Auda et al. [12], and Fender et al. [36] investigated how
painting on 2D planes or 3D objects itself could be implemented
using gestures, transparency effects, or physical brushes. However,
they did not focus on process steps such as object modeling or 3D
in-situ sketching.

This work will build on these system designs and use uncon-
strained 3D mid-air and constrained 2D surface-supported interac-
tion based on a pen and tablet interface. It is the first to apply these
interaction methods to further content creation steps, as discussed
below.

3 Content Creation Process

Expert interviews were conducted to consider the complexity of
3D content creation and provide a profound basis for the content
creation process used in this work and the creation of a design
space.

3.1 Expert Interviews

The previous VR in-situ authoring work VRSketchln [30] described
a content creation process with the steps (1) ideation, (2) mod-
eling, (3) texturing, (4) animation, and (5) verification. These are
typical steps described in the literature, often extended by dedi-
cated sketching and lighting steps [14, 22, 49]. To get practitioner
insights into the steps of content creation, we conducted interviews
(M = 68 min, SD = 15 min) with six experts (M = 32 years,SD =
11 years, female=1, male=5) with two in the fields of CAD, three
in object creation via Blender and one is a lecturer on 3D content
creation and supervisor of projects in the area of games/serious
games. Participants were asked open questions regarding 3D con-
tent creation, and the previously shown content creation process
and steps were discussed and iteratively advanced. One author
analyzed the results of the interviews by conducting a reflexive
inductive thematic analysis similar to Brown and Clarke [15, 16].!

3.1.1 Theme 1: Content Creation Process Steps. The different tech-
nical backgrounds of the participants influence their focus areas
and preferences within the broader field of 3D content creation.
This variance in expertise and interest sets the stage for unique
challenges in the 3D content creation process (e.g., creativity for
game assets vs. precision for CAD). Typical steps our experts named
for content creation are ideation, sketching, measuring, modeling,
texturing, lighting, animation, rendering, verification, and export.

3.1.2  Theme 2: Workflow. While a general order of the process
steps exists from ideation to graphical fidelity, it is an iterative and
dynamic workflow. It is further tailored to the goal, as lighting and
rendering were not deemed necessary for CAD, and accurate mea-
suring was only directly mentioned by the participants with a CAD
background [P1, P5]. Therefore, participants favored a modular and
individual workflow, signifying a need for flexibility in the tools
process steps order used for 3D content creation [P1, P2, P4, P5,
P6]. Such flexibility would favor different technical backgrounds
and use cases.

Interviews were recorded and automatically transcribed. The coded text passages
were sorted, refined, and arranged to overarching themes. Before finalizing, the themes
were cross-validated with another author.
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3.2 VRCreatln Content Creation Process

The interviews show that 3D content creation is a modular pro-
cess that involves multiple steps, traditionally requiring multiple
programs and interaction patterns. For example, ideation is per-
formed by sketching concept art (e.g., with pen and paper) [4]
while modeling is done using Blender [14], texturing using Adobe
CC [3], and lighting during scene creating in Unity [83]. This has
the restriction that switching between creation phases (modeling,
texturing, lighting, etc.) also enforces a switch of tools and their
interaction paradigm, making rapid iterations difficult. The goal of
this work is to provide an integrated workflow for in-situ authoring
in VR by enabling the benefits of pen and tablet interaction beyond
ideation and allowing a seamless transition between the phases.
We further emphasize that each phase (e.g., modeling, texturing)
has its own ideation process that can be supported by pen- and
tablet-based sketching (see VRSketchln [30] or SymbiosisSketch [9]),
making sketching an integral metaphor of VRCreatIn and its under-
lying workflow. For example, modeling is supported by sketching
in defining initial outlines, rough shapes, proportions, and orienta-
tions to manifest a scene, gradually refining a concept or an idea.
For texturing, sketching is helpful to ideate over different surface
appearances and concrete textural features. Painters use layer-wise
sketching techniques to gradually develop complex surface textures,
color gradients, or detailed local features.

Investigating all use cases mentioned during the interview is
not goal-oriented for a first step and, therefore, we set the focus of
this work on the creation of 3D game assets, excluding CAD use
cases and aid functions/steps such as measuring or export. This is
in line with the scope of VRSketchIn [30] and features the artistic
setup of this work. We further focus, as a first step, on static assets,
excluding the animation phase.

Therefore, we apply pen and tablet as a novel contribution to the
process steps modeling, texturing, and lighting. As they also have
an initial ideation process, we see ideation (supported by sketching
techniques) as an omnipresent phase guiding content creation using
VRCreatln. This results in the content creation workflow shown in
Figure 2 that emphasizes the novel modular and iterative approach
using one tool and interaction technique (pen and tablet) during
the whole creation process.

4 Design Space

We created a design space to encompass a broad spectrum of content
creation based on the defined process (see Figure 2) and used it to
brainstorm the functions of our prototype.

4.1 Dimensions and Scope

We used the previously described content creation process to de-
fine a design space that also considers the system design of VRS-
ketchn [30], which combines unconstrained 3D mid-air drawing
with constrained 2D surface-based drawing. It was created through
a morphological analysis with three iterations and is visualized
as Zwicky box [89] (see Figure 3). The two axes are the main di-
mensions (D), which each have multiple parameters (P) to specify
them further. D1 Input Devices is derived from the design space of
VRSketchIn as this work uses the same system design. This means
it focuses on the input devices, pen and tablet (P1), as well as their
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Modeling

Lighting

Sketching / Ideation

Texturing

Figure 2: The VRCreatIn workflow: The phases and arrows on
the outside represent a traditional 3D content creation pro-
cess based on our expert interviews, which tends to enforce
a sequential workflow and makes transitioning difficult due
to necessary tool and interaction concept shifts. With VRCre-
atIn, we introduce an approach for transitioning seamlessly
between phases in the creative workflow that is supported by
omnipresent ideation based on an underlying shared sketch-
ing paradigm enabled through pen and tablet interaction.
This work focuses on the novel investigation of the phases
modeling, lighting, and texturing.

2D and 3D interaction capabilities (P2). D2 Interaction is based on
our expert interviews and covers the previously defined content
creation process (P3) (see Figure 2). Whereas the design space of
VRSketchIn also focuses on drawing aids, namely the specific 2D
interaction based on the drawing surfaces, this work is tailored to
interaction metaphors for content creation. That is why no object
type parameter exists, and P4 directly addresses the input type,
meaning direct and indirect input according to Hinckley and Wig-
dor [44]. The intersection of a row and a column defines a cell,
which represents specific interaction metaphors. We brainstorm
and describe several of them as a base for our prototype in the
following.

According to Drey et al. [30], our design space fulfills three
main use cases, namely (1) as a brainstorming guide for interaction
metaphor ideation, (2) to maintain an overview of an application’s
feature set, and (3) to categorize prior art.

4.2 Interaction Metaphors

According to the first use case of the design space, all authors used
it as guidance to brainstorm functions for VRCreatIn. We focused
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Figure 3: Zwicky box visualizing the design space for in-situ
content creation, developed through three iterations of mor-
phological analysis. It incorporates the system design of VRS-
ketchIn [30] and expert interviews regarding a typical con-
tent creation process. The design space has two main dimen-
sions (D): Input Devices (D1) and Interaction (D2), each elab-
orated by multiple parameters (P). The design space serves
three main use cases: guiding brainstorming in interaction
metaphor ideation, maintaining an overview of an applica-
tion’s feature set, and categorizing prior art.

on the previously described scope narrowed down to the content
creation phases ideation, modeling, lighting, and texturing.

4.2.1 Brainstorming Ideation. Often, sketching is used for ideation
(see VRSketchIn [30]). In MR, it benefits from enhanced spatial
understanding, especially for 3D objects [45, 71]. Standard sketch-
ing tools employ lines/strokes in a 3D environment to symbolize
objects and usually lack volumetric representation due to simplifi-
cation [6, 9, 30]. These tools often rely on mid-air or surface-based
drawing interaction metaphors, categories previously discussed
in this work, and can be transferred to the pen- and tablet-based
design of VRCreatln (see design space). Early frameworks such
as Surface Drawing [78] and CavePainting [55] exemplify this ap-
proach, where the lines generated are usually freeform, lacking
additional attributes like anchor points or defined surfaces. The
design space of VRSketchln [30] focuses on this kind of sketching
and was an inspiration for our prototype. Although lines are com-
monly used, alternative sketching methods are also viable, such as
employing flat surfaces [77, 78] or basic geometric shapes [88].

4.2.2  Brainstorming Modeling. The main interaction metaphors
for modeling can be classified as vertex modeling (e.g., point def-
inition), contour modeling (e.g., edge/face definition), and volume
modeling (e.g., volume drawing). Interaction metaphors can be de-
fined in multiple ways, e.g., in mid-air and also on the tablet’s
surface (see design space). Vertex modeling involves the creation or
modification of an object through the specification or alteration of
its vertices. For instance, constructing a cube by outlining its eight
edges and positioning vertices at these points falls under vertex
modeling [14], both possible in mid-air with the pen or in 2D on the
tablet. Contour modeling focuses on object creation or alteration
based on their outlines. This includes transforming a 2D sketch into
a 3D object [51] (from the tablet to mid-air), using grids and curves
for manipulation [22], and beveling, which involves rounding or
slanting the edges or corners of an object [14]. Volume modeling
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pertains to operations rooted directly in an object’s 3D volume.
Techniques include generating an object from full-volume point
clouds, not merely contours [48] and free-form sculpting [14] (e.g.,
both created by the pen in mid-air) or employing CSG operations
(e.g., hierarchically visualized on the tablet). Objects can also be
generated or altered indirectly (see design space), bypassing direct
interaction with their physical properties. Recent methods include
the creation [53] or alteration [18] based on parameter definition
(e.g., text input) alone. The limitation has to be stated that this
classification can overlap. For instance, altering connected vertices
on an object’s edge could be considered both vertex and contour
modeling.

4.2.3 Brainstorming Lighting. For a 3D scene, it is necessary to
specify its lighting so that during rendering, the objects can be
illuminated as intended [49]. Typically, there are local as well as
global light sources [5]. While global or ambient light sources are
often edited using parameter definitions, local ones, e.g., a spotlight,
are also placed in the scene to highlight and illuminate specific
objects [5]. As these local light sources are virtual objects, they
can be handled during in-situ authoring with the same interaction
metaphors as modeled objects [14, 83]. For example, they can be
placed by the pen in mid-air or using the tablet on 2D layers.

4.2.4 Brainstorming Texturing. While sketching toolkits enable the
application of various colors to basic shapes, they are mostly limited
in their texturing capabilities [9, 30]. However, some tools already
proposed the first concepts by directly drawing on the object’s
surface [20, 52] (possible with the pen). Textures can be directly
applied to 3D objects or, more accurately, from a technological
standpoint, onto an underlying 2D texture that is mapped to the
3D object, a process often called UV mapping [22]. This could be
a basic color or more complex textures that simulate additional
properties like roughness or opacity [74]. Such 2D textures can be
modified by drawing with the pen on the tablet. These textures can
also be physical or 3D in nature, such as the use of mosaic tiles [1]
or oil paint simulation [23]. Textures can also be applied through
algorithm and Al support [57, 87] and template assignment using
a database [21]. In the field of AR, users can scan the texture of
real-world objects or 2D images and map them onto 3D models [50,
64, 65).

5 The VRCreatIn System

VRCreatIn focuses on interaction metaphors possible with pen and
tablet input [9, 30]. This work is the first that extends this inter-
action technique to further content creation steps as described in
Figure 2 and the design space (see section 4).

5.1 Feature Set and Design

Inspired by VRSketchIn [30] and SymbiosisSketch [9], this work has
a focus on depicting interactions equally in 3D and 2D using the 3D
unconstrained mid-air pen interaction and the 2D surface-supported
constrained tablet interaction. The content creation steps (see Fig-
ure 2) were implemented as follows during a User-Centered De-
sign (UCD) process with five iterations:

o Ideation: The system supports both direct line sketching in
3D mid-air via a pen and sketching on a 2D plane by using
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the tablet. An annotation feature for textual input using a
virtual keyboard in 3D space is also included.

e Modeling: The system supports vertex modeling through
direct manipulation using the pen, allowing for the selec-
tion and displacement of individual or multiple vertices (see
Figure 4 (b)). This feature is also extended to contour mod-
eling, enabling the displacement of object lines and faces.
Volume-based modeling is facilitated through CSG opera-
tions and parameter definition in 3D space (see Figure 4
(a)). Indirect modeling allows for parameter definition via
a tablet user interface (UI). Additionally, primitive objects
can be chosen from a 2D list or directly within 3D space and
included in the scene.

o Lighting: Users have the option to choose from preset scenes,
such as an office building interior, along with various light-
ing conditions (see Figure 1 (a)). These ambient scenes can
be toggled on or off, enabling users to validate their created
objects within different virtual settings.

o Texturing: Texturing of objects can be achieved either by
direct coloring in 3D space using the pen on the object (see
Figure 5 (a)) or with the tablet using 2D planes (see Figure 5
(b)). Additionally, materials or colors can be directly assigned
to objects (see Figure 6 (a)). This facilitates a hybrid approach
combining both (see Figure 5 (c)).

Furthermore, overarching aid functions are implemented to en-
hance usability, maturity, and comparability to commercial tools
as well as previous works (e.g., VRSketchln [30] and SymbiosisS-
ketch [9]): Transformation. Transformations such as gizmo usage,
direct movement, rotation, and ray cast/anchoring are implemented.
For 2D interactions, movements are supported on both predefined
and tablet-projected planes. History. Enables quick undo actions and
state comparisons, addressing a functionality gap of VRSketchIn [30].
Scaffolds. Users can enable and adjust 3D scaffolds and grid overlays
for each axis to improve spatial orientation. Distance Measuring.
A feature for precise distance measurement between points along
each axis is included. Parameter Definition. Numerical placement
and transformation via tablet coordinates are available for increased
precision. Preset Camera Perspectives. A set of predefined camera
angles can be accessed. Color Selection. An advanced color selection
system, inspired by VR Color Picker by Kim et al. [58], operates in
both 2D and 3D spaces. Layering. A layering system enables object
assignment to different layers, which can be toggled on or off for
specific workflows.

5.2 Prototype Setup

The hardware configuration employed for VRCreatlIn is inspiration
from VRSketchIn [30] and SymbiosisSketch [9] and has been similarly
previously applied in 3D content creation research [30]. As HMD, a
VIVE Pro 2 [47] is used. Input is managed through a custom 46-gram
6DOF tracked pen with four buttons, which is used in conjunction
with a 6DOF tracked Wacom Intuos Draw graphics tablet [69]
(see Figure 6). Motion tracking is executed by an OptiTrack Flex
13 system [84], covering a 2.5 * 2.5-meters area. The computing
system is equipped with a GeForce GTX 980 graphics card, and
VRCreatIn runs on Unity 2019 LTS [83] using software assets (see
supplementary material).
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6 Use Case Demonstration

To demonstrate how VRCreatIn transfers pen- and tablet-based in-
teraction to modeling, lighting, and texturing, we present a use
case for creating a bed. The in-situ scale was 1:1 (about 2.2x1.6
meters). This use case was chosen because it effectively showcases
a substantial portion of the tool’s features while remaining easy
to understand. VRCreatlIn, however, is capable of handling more
complex objects and scenes (see Figure 1 (a)). The object was cre-
ated by one of the authors with no professional background in 3D
content creation, lasting roughly 20 minutes, showing its eligibility
and efficiency for non-experts (e.g., teachers or engineers). Selected
steps of the creation process can be seen in Figure 7. A time-lapse
is provided in the supplementary video.

As the first step for ideation (1), the rough outlines of the bed
were sketched with the free-hand sketching tool. The measuring
tool (red line in Figure 7 (1)) was used to validate the dimensions
of the sketch. To support spatial awareness and provide a basis for
comparison, the indicators of the x, y, and z-axis with a length of
one meter were enabled at the pen tip. The ideation was continued
in the second step (2). Here, further outlines of the bed were created
using a combination of freehand and line sketching tools. To better
keep track of the different dimensions of the bed when rebuilding it
with volumetric elements, the measurements were annotated in the
3D scene (red numbers in Figure 7 (2)). The finished sketch is used
as a basis to model the bed with volumetric objects (3). VRCreatIn
can create volumetric objects in different ways (see feature brain-
storming section 4.2.2 and implemented features section 5.1). We
used a combination of creating objects with parameter definition
for precision as well as free-hand interaction for fast placement
and an what you see is what you get effect. Created objects were
transformed via parameter inputs and a 1DOF/3DOF gizmo. To du-
plicate objects, the copy tool was used. After the volumetric objects
were placed in the right position and size, the sketch and annota-
tions were removed with the layering tool. For texturing, VRCreatIn
offers a selection of different materials as well as color definitions
that can be assigned in different scales to objects. A wood material
was assigned to the bed corpus in step four (4). Selecting predefined
textures, objects with realistic high-fidelity graphics can be easily
created with little effort and without artistic skills. Further details
of the bed are added in step five (5). The mattress was created by
defining the object’s dimensions directly in the scene. The sketch-
ing feature can be used again for a second/intermediate ideation
phase to see if additional details fit the object. This highlights the
iterative and flexible content creation approach as propagated in
Figure 2. Here, first, the outlines of the blanket were sketched to the
bed in red (5). By supporting undo and redo actions via the history
feature in addition to the layering feature, VRCreatIn supports the
rapid prototyping of different ideas. Step six (6) shows the finished
bed. For creating the pillows, cylinder objects were the base and
deformed into a fitting shape via the gizmo. If objects with a less
regular form are needed, the vertex manipulation tool can be used.
Finally, the created object can be exported and later used in other
3D scenes, including scene-specific lighting (see Figure 1 (a)).

We want to emphasize that with this use case, we were able to
present an example workflow, including several of the implemented
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Figure 4: Modeling. a) Complex objects can be created based on primitives also supporting CSG. b) Primitives can also be edited
through vertex modeling.
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Figure 5: Texturing. a) Objects can be textured by painting on them in 3D. b) It is also possible to texture objects using predefined
2D planes with surface support on the tablet. c) Colors or textures/materials can also be assigned to objects.
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Figure 6: The hardware of VRCreatIn is based on a pen and a tablet, which are both tracked in 3D for immersive interaction (a).
It is also possible to use the pen on the tablet for surface-supported 2D input (b).

features, on how we would advise using VRCreatIn. However, VRCre- 7 Usability Walkthrough

atln can meet the needs of users from various fields, who may prefer This chapter describes the evaluation of VRCreatIn by conducting a
different features and sequences of steps, as previously mentioned usability walkthrough.

in our interview results with diverse experts. This was investigated

further in a usability walkthrough. 71 Procedure

Our usability walkthrough is designed as a multi-step think-aloud
study, which was used in previous works to explorative evaluate
systems and artifact contributions [9, 30, 86]. First, we conducted



MUM ’24, December 1-4, 2024, Stockholm, Sweden

.5

Drey, et al.

6

Figure 7: This use case demonstrates how VRCreatIn can be used to create a queen-size bed showcasing six key steps. First (1),
the rough outlines are sketched and measured. Afterward (2), the sketch outlines are completed and the taken measurements
are annotated. The sketches are used as scaffolds for volumetric object creation (3) and are removed afterward. Materials are
then added to the bedposts (4), followed by more object details (5 and 6). The final object (6) can be exported for further use.

a preparation and a tutorial where we explained the procedure of
the usability walkthrough and the features of VRCreatln to the
participants. For task 1, participants created a chair followed by
a table (max. 30 min). They provided intermediate feedback in
interview 1. In task 2, participants created a house with a garden
(max. 30 min). During interview 2, questions were asked about
detailed aspects of the tool. A full description of the process is
provided in the appendix.

7.2 Participants

We recruited 10 participants through convenience sampling (M =
25 years, SD = 3 years, female=3, male=7) who had previous experi-
ence with 2D and 3D art creation. We asked for their previous expe-
rience regarding VR (0h = 2; < 20h = 5;20 — 160h = 1;> 160h = 2)
and 3D content creation (0h = 2; < 20h = 6; 20 — 160h = 2; > 160h =
1). Participants were compensated with 20 €.

8 Results

We will present the results of the usability walkthrough by showing
selected 3D models and a thematic analysis of the participants’
feedback and behavior.

8.1 3D Models Created by the Participants

During the user study, participants used all implemented 3D content
creation process steps, namely ideation, modeling, lighting, and
texturing (see Figure 2). Selected results are shown in Figure 8. Both
tasks, chair and table, as well as house and garden, were each limited
to 30 minutes. Most participants were satisfied or "very" satisfied

[P1, P2, P8] with their results unless the time was too short [P6, P7].
We further composed a sample scene using our preset office scene,
where we placed a table, chairs, houses, and trees created by the
participants into it (see Figure 1 (a)). While this scene was created
and rendered by us after the conduction of the user study, it would
have been possible for our participants to create it with VRCreatIn.

8.2 Thematic Analysis

We conducted a reflexive inductive thematic analysis as per Brown
and Clarke [15, 16] based on the data of the usability walkthrough.
Post-coding, codes were refined and categorized into two distinct
themes.?

8.2.1 Theme 1: Content Creation Workflow. VRCreatIn received
positive feedback for being intuitive [P5, P8, P7, P9], allowing for
quick 3D object creation [P7, P9]. It is offering users the freedom
to "do everything you want in the way you wanted" [P1]. It was
particularly convenient for sketching, ideation, and rapid content
creation [P1, P2, P5, P6, P7].

Sketched lines were mainly used for detailing [P1, P7] or for
"parts that would have taken too much time in other ways" [P1].
Those who did not use it still saw its potential for adding small
details [P3, P9] but criticized its imprecision [P9]. One participant
[P4] would use either sketching or modeling methods exclusively,
naming mismatched optical styles. One participant [P2] particularly

%The audio recordings were auto-transcribed and initially coded using a predefined
codebook, which was later expanded. The coding process was conducted by a single
coder and repeated four times to minimize bias and maximize data extraction. Theme
saturation was observed [41, 43]. Before finalization, themes were cross-validated with
another author.
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Figure 8: These are the results of selected participants during our user study. The first row shows the results of the first task,
where participants had to create a table and a chair (a: P1, b: P2, c: P7). The second row shows the objects for task 2, where a
house with a garden should be created (d: P1, e: P2, f: P4). Both tasks were limited to 30 minutes.

favored sketching, stating it is a key reason for using such a VR
tool.

For vertex manipulation, almost all participants [except P7]
briefly used it for size adjustments before switching to gizmo tool
scaling or value transformation. Participant P7, with a professional
Blender background, was used to the provided features and noted
missing advanced ones like extrusion and subdivision surfaces.

The material assignment feature received the most positive feed-
back [P1, P3, P5, P6, P7, P9]. Participants emphasized the variety
of materials [P2, P6, P9] and that they give objects a "more profes-
sional" look [P5]. The 3D preview was favored over the traditional
2D approach. It allows easy visualization of material "roughness
and [...] profile” [P7] and is "pretty intuitive" [P9].

8.2.2 Theme 2: 3D Pen and 2D Pen and Tablet Interaction. Partic-
ipants favored 3D interaction methods over 2D for being "more
fun" [P3, P7, P8] and "more intuitive" [P3]. The 3D version was
deemed "more practical" [P2, P4, P6]. However, 2D methods were
considered more precise [P1, P5, P7], especially for plane movement
[P2, P6] and sketching [P7, P10], but also more time-consuming
[P1, P5]. Physical feedback from the pen on the tablet was a 2D
advantage, but the tablet size was limiting [P1].

9 Discussion

The participants enjoyed the possibility of iteratively developing
their 3D content using all content creation process steps interlinked
as proposed in Figure 2. As such behavior can be achieved only using
multiple expert tools such as Blender or Unity [14, 83] together,
VRCreatln is the first work that investigated and observed this for
VR in-situ content creation in one tool and provides one interaction

technique (pen and tablet) seamless for all process steps. This also
allowed rapid changes between phases and the use of sketching
techniques for modeling and texturing, enhancing ideation in these
phases. The usability walkthrough approved that it could close this
research gap to current MR research, mainly focusing on ideation
supported by sketching as the initial process step (see [9, 27, 30, 54]).

Regarding pen and tablet interaction, the participants tended
to use 3D interactions in all process steps. This is in line with the
findings of VRSketchln [30], which uses a similar hardware setup.
Drey et al. [30] also stated that 2D and 3D interaction were used for
distinct tasks, using their respective strengths (e.g., 2D precision
vs. 3D freedom and ease of use). For instance, traditional sketching
is often done in 2D with physical pen and paper, making it more
intuitive, while tasks like object manipulation are more naturally
performed in 3D [9, 30, 31, 33]. This behavior could also be observed
with our VRCreatIn participants, showing that the innovative inter-
action metaphors of VRSketchln could be, as intended, transferred
to further steps of the content creation process. It was also possible
to enable sketching-based ideation during the whole creation pro-
cess as intended in our created process (see Figure 2). Furthermore,
expert users were more open to 2D interactions, recognizing their
utility in specific scenarios (e.g., plane-based transformations and
vertex manipulation). This variety accommodates the diverse needs
and preferences of users, supporting the previously mentioned
flexible and modular approach.

10 Limitations and Future Work

During the study, one participant’s logging and video data were
lost due to technical issues (no impact on thematic analysis as audio
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is available). The study’s time constraints limited participants’ full
understanding of the tool. While a learning effect was observed be-
tween the first and second tasks, the results likely underestimated
the tool’s potential. Future work could use an extended structured
tutorial as support [24, 37, 66, 82], in-tool assistance [29, 32], and
investigate longitudinal use [8, 46, 59, 66]. The implemented fea-
tures of the prototype are designed for non-organic, low-poly object
creation. This is currently unsuitable for organic shapes without
future enhancements such as sculpting, including the possibility of
Al supported form generation [63]. Further, the prototype currently
focuses on the creation of static objects. However, a lot of objects,
e.g., game characters, are also animated [11, 19], which is done in a
further content creation process step (see Figure 2) not covered yet.
It should be investigated how this can be achieved using pen and
tablet in MR, too.

11 Conclusion

This work introduces VRCreatln, a pioneering all-in-one solution
for in-situ 3D content creation in VR, addressing as first work mul-
tiple content creation process steps beyond ideation/sketching. The
system’s design is built upon approved MR in-situ authoring tools
using 2D and 3D pen and tablet interaction. We implemented a com-
prehensive feature set that supports a broad range of user needs
based on expert interviews (N=6). With a usability walkthrough
(N=10), we showed VRCreatIn’s applicability in facilitating iterative
3D design interlinking multiple process steps with the same interac-
tion technique (pen and tablet). The results and the system design
of VRCreatIn can be transferred to e.g., AR including see-through
devices, and it serves as a foundational step towards the future
of in-situ 3D content creation. VRCreatIn also establishes a design
space based on the input devices (pen and tablet) and content cre-
ation process steps (e.g., ideation, modeling, lighting, texturing),
providing a framework to develop its approach further in the future.

Acknowledgments

This work was conducted within the project "AuCity 3 - Collabora-
tive and Adaptive MR in Higher Education Teaching Using Civil
Engineering as an Example® funded by the Federal Ministry of
Education and Research (BMBF).

References

[1] Rinat Abdrashitov, Emilie Guy, JiaXian Yao, and Karan Singh. 2014. Mosaic:

Sketch-Based Interface for Creating Digital Decorative Mosaics. In Proceedings of

the 4th Joint Symposium on Computational Aesthetics, Non-Photorealistic Anima-

tion and Rendering, and Sketch-Based Interfaces and Modeling (Vancouver, British

Columbia, Canada) (SBIM ’14). Association for Computing Machinery, New York,

NY, USA, 5-10. https://doi.org/10.1145/2630407.2630409

Adobe. 2023. 3D modeling software for 3D sculpting - Adobe Substance 3D. https:

//www.adobe.com/products/substance3d-modeler.html (Accessed on 09/13/2023).

[3] Adobe. 2024. Adobe Creative Cloud. https://www.adobe.com/creativecloud.html
(Accessed on 03/31/2024).

[4] Adobe. 2024. Bring an idea to life with concept art. hhttps://www.adobe.com/
creativecloud/illustration/discover/concept-art.html (Accessed on 03/31/2024).

[5] Tomas Akenine-Mller, Eric Haines, and Naty Hoffman. 2018. Real-Time Rendering,
Fourth Edition (4th ed.). A. K. Peters, Ltd., USA.

[6] Alphabet Inc. 2023. Tilt Brush by Google. https://www.tiltbrush.com/ (Accessed
on 08/22/2023).

[7] Romain Arcila, Florian Levet, and Christophe Schlick. 2008. Thor: Sketch-Based
3D Modeling by Skeletons. In Smart Graphics, Andreas Butz, Brian Fisher, Antonio
Kriiger, Patrick Olivier, and Marc Christie (Eds.). Springer Berlin Heidelberg,
Berlin, Heidelberg, 232-238.

™
=

Drey, et al.

[8] Jana Arndt, Anne Schiiler, and Katharina Scheiter. 2015. Text-Picture Integration:
How Delayed Testing Moderates Recognition of Pictorial Information in Multime-
dia Learning. Applied Cognitive Psychology 29, 5 (2015), 702-712. https://doi.org/
10.1002/acp.3154 arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1002/acp.3154

[9] Rahul Arora, Rubaiat Habib Kazi, Tovi Grossman, George Fitzmaurice, and Karan

Singh. 2018. SymbiosisSketch: Combining 2D & 3D Sketching for Designing

Detailed 3D Objects in Situ. In Proceedings of the 2018 CHI Conference on Human

Factors in Computing Systems (Montreal QC, Canada) (CHI °18). Association

for Computing Machinery, New York, NY, USA, 1-15. https://doi.org/10.1145/

3173574.3173759

Rahul Arora, Rubaiat Habib Kazi, Fraser Anderson, Tovi Grossman, Karan Singh,

and George Fitzmaurice. 2017. Experimental Evaluation of Sketching on Surfaces

in VR. In Proceedings of the 2017 CHI Conference on Human Factors in Computing

Systems (Denver, Colorado, USA) (CHI ’17). Association for Computing Machinery,

New York, NY, USA, 5643-5654. https://doi.org/10.1145/3025453.3025474

[11] Rahul Arora, Rubaiat Habib Kazi, Danny M. Kaufman, Wilmot Li, and Karan Singh.

2019. MagicalHands: Mid-Air Hand Gestures for Animating in VR. In Proceedings
of the 32nd Annual ACM Symposium on User Interface Software and Technology
(New Orleans, LA, USA) (UIST ’19). Association for Computing Machinery, New
York, NY, USA, 463-477. https://doi.org/10.1145/3332165.3347942

[12] Jonas Auda, Roman Heger, Uwe Gruenefeld, and Stefan Schneegass. 2021. VRS-

ketch: Investigating 2D sketching in virtual reality with different levels of

hand and pen transparency. In IFIP Conference on Human-Computer Interaction.

Springer, 195-211.

Sukanya Bhattacharjee and Parag Chaudhuri. 2020. A Survey on Sketch Based

Content Creation: from the Desktop to Virtual and Augmented Reality. Com-

puter Graphics Forum 39, 2 (2020), 757-780. https://doi.org/10.1111/cgf.14024

arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1111/cgf.14024

Blender Foundation. 2023. Blender Manual. https://docs.blender.org/manual/en/

latest/index.html (Accessed on 09/13/2023).

Virginia Braun and Victoria Clarke. 2006. Using thematic

analysis in psychology. Qualitative Research in Psychology 3,

2 (2006), 77-101. https://doi.org/10.1191/1478088706qp0630a

arXiv:https://www.tandfonline.com/doi/pdf/10.1191/1478088706qp0630a

Virginia Braun and Victoria Clarke. 2020. One size fits all? What counts

as quality practice in (reflexive) thematic analysis? Qualitative Research in

Psychology 0, 0 (2020), 1-25.  https://doi.org/10.1080/14780887.2020.1769238

arXiv:https://doi.org/10.1080/14780887.2020.1769238

[17] Jeff Butterworth, Andrew Davidson, Stephen Hench, and Marc. T. Olano. 1992.

3DM: A Three Dimensional Modeler Using a Head-Mounted Display. In Pro-

ceedings of the 1992 Symposium on Interactive 3D Graphics (Cambridge, Mas-
sachusetts, USA) (I3D *92). Association for Computing Machinery, New York, NY,

USA, 135-138. https://doi.org/10.1145/147156.147182

Zehranaz Canfes, M. Furkan Atasoy, Alara Dirik, and Pinar Yanardag. 2023. Text

and Image Guided 3D Avatar Generation and Manipulation. In Proceedings of

the IEEE/CVF Winter Conference on Applications of Computer Vision (WACV).

4421-4431.

Alberto Cannavo, Claudio Demartini, Lia Morra, and Fabrizio Lamberti. 2019.

Immersive Virtual Reality-Based Interfaces for Character Animation. IEEE Access

7 (2019), 125463-125480. https://doi.org/10.1109/ACCESS.2019.2939427

Chien-Wen Chen, Min-Chun Hu, Wei-Ta Chu, and Jun-Cheng Chen. 2021. A

Real-Time Sculpting and Terrain Generation System for Interactive Content

Creation. IEEE Access 9 (2021), 114914-114928. https://doi.org/10.1109/ACCESS.

2021.3105417

[21] Xuejin Chen, Sing Bing Kang, Ying-Qing Xu, Julie Dorsey, and Heung-Yeung

Shum. 2008. Sketching Reality: Realistic Interpretation of Architectural Designs.
ACM Trans. Graph. 27, 2, Article 11 (may 2008), 15 pages. https://doi.org/10.
1145/1356682.1356684

[22] Ami Chopine. 2011. 3D Art Essentials: The Fundamentals of 3D Modeling.

Texturing, and Animation dostupno na: https://books. google. hr/books (2011).

[23] Nelson Chu, William Baxter, Li-Yi Wei, and Naga Govindaraju. 2010. Detail-

Preserving Paint Modeling for 3D Brushes. In Proceedings of the 8th International

Symposium on Non-Photorealistic Animation and Rendering (Annecy, France)

(NPAR ’10). Association for Computing Machinery, New York, NY, USA, 27-34.

https://doi.org/10.1145/1809939.1809943

Ruth Colvin Clark, Frank Nguyen, John Sweller, and Melissa Baddeley. 2006.

Efficiency in learning: Evidence-based guidelines to manage cognitive load. Per-

formance Improvement 45, 9 (2006), 46-47.

Matthew T. Cook and Arvin Agah. 2009. A survey of sketch-based 3-D model-

ing techniques. Interacting with Computers 21, 3 (05 2009), 201-211. https://

doi.org/10.1016/j.intcom.2009.05.004 arXiv:https://academic.oup.com/iwc/article-
pdf/21/3/201/2353735/iwc21-0201.pdf

Michael F. Deering. 1995. HoloSketch: A Virtual Reality Sketching/Animation

Tool. ACM Trans. Comput.-Hum. Interact. 2, 3 (sep 1995), 220-238. https://doi.

org/10.1145/210079.210087

[27] Chao Ding and Ligang Liu. 2016. A survey of sketch based modeling systems.

Frontiers of Computer Science 10 (2016), 985-999.

[10

ey
&

[14

[15

[16

[18

[19

[20

[24

[25

[26


https://doi.org/10.1145/2630407.2630409
https://www.adobe.com/products/substance3d-modeler.html
https://www.adobe.com/products/substance3d-modeler.html
https://www.adobe.com/creativecloud.html
hhttps://www.adobe.com/creativecloud/illustration/discover/concept-art.html
hhttps://www.adobe.com/creativecloud/illustration/discover/concept-art.html
https://www.tiltbrush.com/
https://doi.org/10.1002/acp.3154
https://doi.org/10.1002/acp.3154
https://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1002/acp.3154
https://doi.org/10.1145/3173574.3173759
https://doi.org/10.1145/3173574.3173759
https://doi.org/10.1145/3025453.3025474
https://doi.org/10.1145/3332165.3347942
https://doi.org/10.1111/cgf.14024
https://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/cgf.14024
https://docs.blender.org/manual/en/latest/index.html
https://docs.blender.org/manual/en/latest/index.html
https://doi.org/10.1191/1478088706qp063oa
https://arxiv.org/abs/https://www.tandfonline.com/doi/pdf/10.1191/1478088706qp063oa
https://doi.org/10.1080/14780887.2020.1769238
https://arxiv.org/abs/https://doi.org/10.1080/14780887.2020.1769238
https://doi.org/10.1145/147156.147182
https://doi.org/10.1109/ACCESS.2019.2939427
https://doi.org/10.1109/ACCESS.2021.3105417
https://doi.org/10.1109/ACCESS.2021.3105417
https://doi.org/10.1145/1356682.1356684
https://doi.org/10.1145/1356682.1356684
https://doi.org/10.1145/1809939.1809943
https://doi.org/10.1016/j.intcom.2009.05.004
https://doi.org/10.1016/j.intcom.2009.05.004
https://arxiv.org/abs/https://academic.oup.com/iwc/article-pdf/21/3/201/2353735/iwc21-0201.pdf
https://arxiv.org/abs/https://academic.oup.com/iwc/article-pdf/21/3/201/2353735/iwc21-0201.pdf
https://doi.org/10.1145/210079.210087
https://doi.org/10.1145/210079.210087

VRCreatln: Pen and Tablet Interaction for 3D Modeling, Lighting, and Texturing

[28] Tobias Drey. 2023. Towards mixed reality in education: overcoming challenges of
teaching, learning, and authoring. Ph. D. Dissertation. Universitit Ulm.

[29] Tobias Drey, Fabian Fischbach, Pascal Jansen, Julian Frommel, Michael Rietzler,

and Enrico Rukzio. 2021. To Be or Not to Be Stuck, or Is It a Continuum? A

Systematic Literature Review on the Concept of Being Stuck in Games. Proc.

ACM Hum.-Comput. Interact. 5, CHI PLAY, Article 229 (oct 2021), 35 pages. https:

//doi.org/10.1145/3474656

Tobias Drey, Jan Gugenheimer, Julian Karlbauer, Maximilian Milo, and Enrico

Rukzio. 2020. VRSketchIn: Exploring the Design Space of Pen and Tablet

Interaction for 3D Sketching in Virtual Reality. In Proceedings of the 2020

CHI Conference on Human Factors in Computing Systems (Honolulu, HI, USA)

(CHI °20). Association for Computing Machinery, New York, NY, USA, 1-14.

https://doi.org/10.1145/3313831.3376628

Tobias Drey, Jessica Janek, Josef Lang, Dietmar Puschmann, Michael Rietzler,

and Enrico Rukzio. 2022. SpARKklingPaper: Enhancing Common Pen- And Paper-

Based Handwriting Training for Children by Digitally Augmenting Papers Using

a Tablet Screen. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 6, 3,

Article 113 (sep 2022), 29 pages. https://doi.org/10.1145/3550337

Tobias Drey, Pascal Jansen, Fabian Fischbach, Julian Frommel, and Enrico Rukzio.

2020. Towards Progress Assessment for Adaptive Hints in Educational Virtual

Reality Games. In Extended Abstracts of the 2020 CHI Conference on Human

Factors in Computing Systems (Honolulu, HI, USA) (CHI EA °20). Association

for Computing Machinery, New York, NY, USA, 1-9. https://doi.org/10.1145/

3334480.3382789

Tobias Drey, Michael Montag, Andrea Vogt, Nico Rixen, Tina Seufert, Steffi

Zander, Michael Rietzler, and Enrico Rukzio. 2023. Investigating the Effects of

Individual Spatial Abilities on Virtual Reality Object Manipulation. In Proceedings

of the 2023 CHI Conference on Human Factors in Computing Systems (Hamburg,

Germany) (CHI "23). Association for Computing Machinery, New York, NY, USA,

Article 398, 24 pages. https://doi.org/10.1145/3544548.3581004

[34] Hesham Elsayed, Mayra Donaji Barrera Machuca, Christian Schaarschmidt,
Karola Marky, Florian Miiller, Jan Riemann, Andrii Matviienko, Martin Schmitz,
Martin Weigel, and Max Miithlhéduser. 2020. VRSketchPen: Unconstrained Hap-
tic Assistance for Sketching in Virtual 3D Environments. In Proceedings of the
26th ACM Symposium on Virtual Reality Software and Technology (Virtual Event,
Canada) (VRST ’20). Association for Computing Machinery, New York, NY, USA,
Article 3, 11 pages. https://doi.org/10.1145/3385956.3418953

[35] Jose L Encarnacao, Rolf Lindner, and Ernst G Schlechtendahl. 2012. Computer
aided design: fundamentals and system architectures. Springer Science & Business
Media.

[36] Andreas Rene Fender, Thomas Roberts, Tiffany Luong, and Christian Holz. 2023.

InfinitePaint: Painting in Virtual Reality with Passive Haptics Using Wet Brushes

and a Physical Proxy Canvas. In Proceedings of the 2023 CHI Conference on Human

Factors in Computing Systems (Hamburg, Germany) (CHI "23). Association for

Computing Machinery, New York, NY, USA, Article 21, 13 pages. https://doi.

org/10.1145/3544548.3580927

Logan Fiorella and Richard E. Mayer. 2021. Principles for Reducing Extraneous

Processing in Multimedia Learning: Coherence, Signaling, Redundancy, Spatial

Contiguity, and Temporal Contiguity Principles (3 ed.). Cambridge University

Press, 185-198. https://doi.org/10.1017/9781108894333.019

[38] Zhiying Fu, Rui Xu, Shiqing Xin, Shuangmin Chen, Changhe Tu, Chenglei Yang,
and Lin Lu. 2022. EasyVRModeling: Easily Create 3D Models by an Immersive
VR System. Proc. ACM Comput. Graph. Interact. Tech. 5, 1, Article 10 (may 2022),
14 pages. https://doi.org/10.1145/3522613

[39] Kaori Fujinami, Mami Kosaka, and Bipin Indurkhya. 2018. Painting an Apple
with an Apple: A Tangible Tabletop Interface for Painting with Physical Objects.
Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 2, 4, Article 162 (dec 2018),
22 pages. https://doi.org/10.1145/3287040

[40] Gravity Sketch. 2023. Gravity Sketch | 3D sketching and design software. https:
//www.gravitysketch.com/ (Accessed on 09/13/2023).

[41] Greg Guest, Arwen Bunce, and Laura Johnson. 2006. How Many Inter-
views Are Enough?: An Experiment with Data Saturation and Variability.
Field Methods 18, 1 (2006), 59-82. https://doi.org/10.1177/1525822X05279903
arXiv:https://doi.org/10.1177/1525822X05279903

[42] Anhong Guo, Ilter Canberk, Hannah Murphy, Andrés Monroy-Hernandez, and
Rajan Vaish. 2019. Blocks: Collaborative and Persistent Augmented Reality
Experiences. Proc. ACM Interact. Mob. Wearable Ubiquitous Technol. 3, 3, Article
83 (sep 2019), 24 pages. https://doi.org/10.1145/3351241

[43] Monique M. Hennink, Bonnie N. Kaiser, and Vincent C. Marconi. 2017.
Code Saturation Versus Meaning Saturation: How Many Interviews Are
Enough? Qualitative Health Research 27, 4 (2017), 591-608. https://doi.org/10.
1177/1049732316665344 arXiv:https://doi.org/10.1177/1049732316665344 PMID:
27670770.

[44] Ken Hinckley and Daniel Wigdor. 2012. Input Technologies and Techniques (2012).

CRC Press, Chapter 6, 95-132.  https://www.microsoft.com/en-us/research/

publication/input-technologies- techniques/

Samory Houzangbe, Dimitri Masson, Sylvain Fleury, David Antonio

Goémez Jauregui, Jeremy Legardeur, Simon Richir, and Nadine Couture.

[30

(31

[32

[33

[37

[45

[46

[47]

(48

N
)

[50

[51

[52]

[53

[54

[55

o
2

[57

[58

[59

=
2

[61

(62]

[63

[64

[65

[66

MUM 24, December 1-4, 2024, Stockholm, Sweden

2022. Is virtual reality the solution? A comparison between 3D and 2D creative
sketching tools in the early design process. Frontiers in Virtual Reality 3 (2022).
https://doi.org/10.3389/frvir.2022.958223

Yu-chen Hsu. 2006. The effects of metaphors on novice and expert learners’
performance and mental-model development. Interacting with Computers 18, 4
(2006), 770-792. https://doi.org/10.1016/j.intcom.2005.10.008

HTC Corporation. 2023. VIVE Pro 2 Specs. https://www.vive.com/us/product/vive-
pro2/specs/ (Accessed on 09/07/2023).

Xiaoshui Huang, Guofeng Meli, Jian Zhang, and Rana Abbas. 2021. A compre-
hensive survey on point cloud registration. arXiv:2103.02690 [cs.CV]

John F. Hughes, Andries van Dam, Morgan McGuire, David F. Sklar, James D.
Foley, Steven Feiner, and Kurt Akeley. 2013. Computer Graphics: Principles and
Practice (3 ed.). Addison-Wesley, Upper Saddle River, NJ.

Ke Huo, Vinayak, and Karthik Ramani. 2017. Window-Shaping: 3D Design
Ideation by Creating on, Borrowing from, and Looking at the Physical World. In
Proceedings of the Eleventh International Conference on Tangible, Embedded, and
Embodied Interaction (Yokohama, Japan) (TEI '17). Association for Computing
Machinery, New York, NY, USA, 37-45. https://doi.org/10.1145/3024969.3024995
Takeo Igarashi, Satoshi Matsuoka, and Hidehiko Tanaka. 2006. Teddy: A Sketch-
ing Interface for 3D Freeform Design. In ACM SIGGRAPH 2006 Courses (Boston,
Massachusetts) (SIGGRAPH '06). Association for Computing Machinery, New
York, NY, USA, 11-es. https://doi.org/10.1145/1185657.1185772

Hans-Christian Jetter, Roman Radle, Tiare Feuchtner, Christoph Anthes, Judith
Friedl, and Clemens Nylandsted Klokmose. 2020. "In VR, Everything is Possible!":
Sketching and Simulating Spatially-Aware Interactive Spaces in Virtual Reality.
In Proceedings of the 2020 CHI Conference on Human Factors in Computing Systems
(Honolulu, HI, USA) (CHI °20). Association for Computing Machinery, New York,
NY, USA, 1-16. https://doi.org/10.1145/3313831.3376652

Zutao Jiang, Guansong Lu, Xiaodan Liang, Jihua Zhu, Wei Zhang, Xiaojun Chang,
and Hang Xu. 2023. 3D-TOGO: Towards Text-Guided Cross-Category 3D Object
Generation. Proceedings of the AAAI Conference on Artificial Intelligence 37, 1
(Jun. 2023), 1051-1059. https://doi.org/10.1609/aaai.v37i1.25186

Ismail Khalid Kazmi, Lihua You, and Jian Jun Zhang. 2014. A Survey of Sketch
Based Modeling Systems. In 2014 11th International Conference on Computer
Graphics, Imaging and Visualization. 27-36. https://doi.org/10.1109/CGiV.2014.27
Daniel F. Keefe, Daniel Acevedo Feliz, Tomer Moscovich, David H. Laidlaw, and
Joseph J. LaViola. 2001. CavePainting: A Fully Immersive 3D Artistic Medium
and Interactive Experience. In Proceedings of the 2001 Symposium on Interactive
3D Graphics (I3D 01). Association for Computing Machinery, New York, NY,
USA, 85-93. https://doi.org/10.1145/364338.364370

Florian Kern, Peter Kullmann, Elisabeth Ganal, Kristof Korwisi, René Stingl,
Florian Niebling, and Marc Erich Latoschik. 2021. Off-the-shelf stylus: Using
xr devices for handwriting and sketching on physically aligned virtual surfaces.
Frontiers in Virtual Reality 2 (2021), 684498.

TP Kersten and Dirk Stallmann. 2012. Automatic texture mapping of architectural
and archaeological 3d models. The International Archives of the Photogrammetry,
Remote Sensing and Spatial Information Sciences 39 (2012), 273-278.

Jieun Kim, Jae-In Hwang, and Jieun Lee. 2022. VR Color Picker: Three-
Dimensional Color Selection Interfaces. IEEE Access 10 (2022), 65809—65824.
https://doi.org/10.1109/ACCESS.2022.3184330

Tim Kiihl, Sabrina D. Navratil, and Stefan Miinzer. 2018. Animations and static
pictures: The influence of prompting and time of testing. Learning and Instruction
58 (2018), 201-209. https://doi.org/10.1016/j.learninstruc.2018.07.006

Leopoly Kft. 2023. Shapelab - Best rated polygon-based VR sculpting app. https:
//shapelabvr.com/ (Accessed on 09/13/2023).

Florian Levet, Xavier Granier, and Christophe Schlick. 2007. Multi-view Sketch-
Based FreeForm Modeling. In Smart Graphics, Andreas Butz, Brian Fisher, Antonio
Kriiger, Patrick Olivier, and Shigeru Owada (Eds.). Springer Berlin Heidelberg,
Berlin, Heidelberg, 204-209.

Zohar Levi and Craig Gotsman. 2013. ArtiSketch: A System for Articulated Sketch
Modeling. Computer Graphics Forum 32, 2pt2 (2013), 235-244. https://doi.org/10.
1111/cgf.12043 arXiv:https://onlinelibrary.wiley.com/doi/pdf/10.1111/cgf.12043
Ling Luo, Pinaki Nath Chowdhury, Tao Xiang, Yi-Zhe Song, and Yulia Gryadit-
skaya. 2023. 3D VR Sketch Guided 3D Shape Prototyping and Exploration. In
Proceedings of the IEEE/CVF International Conference on Computer Vision (ICCV).
9267-9276.

Stéphane Magnenat, Dat Tien Ngo, Fabio Ziind, Mattia Ryffel, Gioacchino Noris,
Gerhard Rothlin, Alessia Marra, Maurizio Nitti, Pascal Fua, Markus Gross, and
Robert W. Sumner. 2015. Live Texturing of Augmented Reality Characters from
Colored Drawings. IEEE Transactions on Visualization and Computer Graphics 21,
11 (2015), 1201-1210. https://doi.org/10.1109/TVCG.2015.2459871

Asier Marzo and Oscar Ardaiz. 2013. CollARt: A Tool for Creating 3D Photo
Collages Using Mobile Augmented Reality. In Proceedings of the 21st ACM Inter-
national Conference on Multimedia (Barcelona, Spain) (MM ’13). Association for
Computing Machinery, New York, NY, USA, 585-588. https://doi.org/10.1145/
2502081.2502154

Richard E. Mayer. 2021. Cognitive Theory of Multimedia Learning (3 ed.). Cam-
bridge University Press, 57-72. https://doi.org/10.1017/9781108894333.008


https://doi.org/10.1145/3474656
https://doi.org/10.1145/3474656
https://doi.org/10.1145/3313831.3376628
https://doi.org/10.1145/3550337
https://doi.org/10.1145/3334480.3382789
https://doi.org/10.1145/3334480.3382789
https://doi.org/10.1145/3544548.3581004
https://doi.org/10.1145/3385956.3418953
https://doi.org/10.1145/3544548.3580927
https://doi.org/10.1145/3544548.3580927
https://doi.org/10.1017/9781108894333.019
https://doi.org/10.1145/3522613
https://doi.org/10.1145/3287040
https://www.gravitysketch.com/
https://www.gravitysketch.com/
https://doi.org/10.1177/1525822X05279903
https://arxiv.org/abs/https://doi.org/10.1177/1525822X05279903
https://doi.org/10.1145/3351241
https://doi.org/10.1177/1049732316665344
https://doi.org/10.1177/1049732316665344
https://arxiv.org/abs/https://doi.org/10.1177/1049732316665344
https://www.microsoft.com/en-us/research/publication/input-technologies-techniques/
https://www.microsoft.com/en-us/research/publication/input-technologies-techniques/
https://doi.org/10.3389/frvir.2022.958223
https://doi.org/10.1016/j.intcom.2005.10.008
https://www.vive.com/us/product/vive-pro2/specs/
https://www.vive.com/us/product/vive-pro2/specs/
https://arxiv.org/abs/2103.02690
https://doi.org/10.1145/3024969.3024995
https://doi.org/10.1145/1185657.1185772
https://doi.org/10.1145/3313831.3376652
https://doi.org/10.1609/aaai.v37i1.25186
https://doi.org/10.1109/CGiV.2014.27
https://doi.org/10.1145/364338.364370
https://doi.org/10.1109/ACCESS.2022.3184330
https://doi.org/10.1016/j.learninstruc.2018.07.006
https://shapelabvr.com/
https://shapelabvr.com/
https://doi.org/10.1111/cgf.12043
https://doi.org/10.1111/cgf.12043
https://arxiv.org/abs/https://onlinelibrary.wiley.com/doi/pdf/10.1111/cgf.12043
https://doi.org/10.1109/TVCG.2015.2459871
https://doi.org/10.1145/2502081.2502154
https://doi.org/10.1145/2502081.2502154
https://doi.org/10.1017/9781108894333.008

MUM 24, December 1-4, 2024, Stockholm, Sweden

[67] Daniel Mendes, Daniel Medeiros, Mauricio Sousa, Ricardo Ferreira, Alberto

Raposo, Alfredo Ferreira, and Joaquim Jorge. 2017. Mid-air modeling with Boolean

operations in VR. In 2017 IEEE Symposium on 3D User Interfaces (3DUI). 154-157.

https://doi.org/10.1109/3DUL2017.7893332

Paul Milgram, Haruo Takemura, Akira Utsumi, and Fumio Kishino. 1995. Aug-

mented reality: a class of displays on the reality-virtuality continuum. In Telema-

nipulator and Telepresence Technologies, Hari Das (Ed.), Vol. 2351. International So-
ciety for Optics and Photonics, SPIE, 282 - 292. https://doi.org/10.1117/12.197321

NaturalPoint Inc. 2023. Wacom Intuos: Creative Pen Tablet. https://www.wacom.

com/de-de/products/pen-tablets/wacom-intuos (Accessed on 09/07/2023).

[70] Michael Nebeling and Maximilian Speicher. 2018. The Trouble with Augmented

Reality/Virtual Reality Authoring Tools. In 2018 IEEE International Symposium

on Mixed and Augmented Reality Adjunct (ISMAR-Adjunct). 333-337.  https:

//doi.org/10.1109/ISMAR- Adjunct.2018.00098

Alfred Oti and Nathan Crilly. 2021. Immersive 3D sketching tools: Implications

for visual thinking and communication. Computers & Graphics 94 (2021), 111-123.

https://doi.org/10.1016/j.cag.2020.10.007

Daniel Paes, Eduardo Arantes, and Javier Irizarry. 2017. Immersive environment

for improving the understanding of architectural 3D models: Comparing user

spatial perception between immersive and traditional virtual reality systems.

Automation in Construction 84 (2017), 292-303. https://doi.org/10.1016/j.autcon.

2017.09.016

Jon Peddie. 2013. The history of visual magic in computers. Springer, London.

hitps:/doi. org/10 1007, 978-1 (2013), 2.

Matt Pharr, Wenzel Jakob, and Greg Humphreys. 2023. Physically based rendering:

From theory to implementation. MIT Press.

[75] Patrick Reipschldger and Raimund Dachselt. 2019. DesignAR: Immersive 3D-
Modeling Combining Augmented Reality with Interactive Displays. In Proceedings
of the 2019 ACM International Conference on Interactive Surfaces and Spaces (Dae-
jeon, Republic of Korea) (ISS ’19). Association for Computing Machinery, New
York, NY, USA, 29-41. https://doi.org/10.1145/3343055.3359718

[76] Alec Rivers, Frédo Durand, and Takeo Igarashi. 2010. 3D Modeling with Sil-
houettes. ACM Trans. Graph. 29, 4, Article 109 (jul 2010), 8 pages. https:
//doi.org/10.1145/1778765.1778846

[77] Enrique Rosales, Jafet Rodriguez, Chrystiano Araujo, Nicholas Vining, Dong-

wook Yoon, and Alla Sheffer. 2021. StripBrush: A Constraint-Relaxed 3D

Brush Reduces Physical Effort and Enhances the Quality of Spatial Drawing.

arXiv:2109.03845 [cs.HC]

Steven Schkolne, Michael Pruett, and Peter Schréder. 2001. Surface Drawing:

Creating Organic 3D Shapes with the Hand and Tangible Tools. In Proceedings of

the SIGCHI Conference on Human Factors in Computing Systems (Seattle, Wash-

ington, USA) (CHI '01). Association for Computing Machinery, New York, NY,

USA, 261-268. https://doi.org/10.1145/365024.365114

Jirgen P. Schulze, Cathleen E. Hughes, Lelin Zhang, Eve Edelstein, and Eduardo

Macagno. 2014. CaveCAD: a tool for architectural design in immersive virtual

environments. In The Engineering Reality of Virtual Reality 2014, Margaret Dolin-

sky and Ian E. McDowall (Eds.), Vol. 9012. International Society for Optics and

Photonics, SPIE, 901208. https://doi.org/10.1117/12.2041175

[80] Evgeny Stemasov, Tobias Wagner, Jan Gugenheimer, and Enrico Rukzio. 2020.
Mix&Match: Towards Omitting Modelling Through In-Situ Remixing of Model
Repository Artifacts in Mixed Reality. In Proceedings of the 2020 CHI Conference on
Human Factors in Computing Systems (Honolulu, HI, USA) (CHI °20). Association
for Computing Machinery, New York, NY, USA, 1-12. https://doi.org/10.1145/
3313831.3376839

[81] Ivan E. Sutherland. 1964. Sketch Pad a Man-Machine Graphical Communication
System. In Proceedings of the SHARE Design Automation Workshop (DAC "64).
Association for Computing Machinery, New York, NY, USA, 6.329-6.346. https:
//doi.org/10.1145/800265.810742

[82] John Sweller. 1988. Cognitive load during problem solving: Effects on learning.

Cognitive Science 12, 2 (1988), 257-285. https://doi.org/10.1016/0364-0213(88)

90023-7

Unity Technologies. 2023. Unity - Manual. https://docs.unity3d.com/2023.3/

Documentation/Manual/index.html (Accessed on 09/05/2023).

Wacom. 2023. OptiTrack - Flex 13. https://www.optitrack.com/cameras/flex-13/

(Accessed on 09/13/2023).

Gerold Wesche and Hans-Peter Seidel. 2001. FreeDrawer: A Free-Form Sketching

System on the Responsive Workbench. In Proceedings of the ACM Symposium

on Virtual Reality Software and Technology (Baniff, Alberta, Canada) (VRST '01).

Association for Computing Machinery, New York, NY, USA, 167-174. https:

//doi.org/10.1145/505008.505041

Jacob O. Wobbrock and Julie A. Kientz. 2016. Research Contributions in Human-

Computer Interaction. Interactions 23, 3 (apr 2016), 38—44. https://doi.org/10.

1145/2907069

[87] Lvmin Zhang, Chengze Li, Tien-Tsin Wong, Yi Ji, and Chunping Liu. 2018. Two-

Stage Sketch Colorization. ACM Trans. Graph. 37, 6, Article 261 (dec 2018),

14 pages. https://doi.org/10.1145/3272127.3275090

Yuzhen Zhu, Xiangjun Tang, Jing Zhang, Ye Pan, Jingjing Shen, and Xiaogang Jin.

2022. 3DBrushVR: From Virtual Reality Primitives to Complex Manifold Objects.

[68

[69

71

[72

[73

[74

<)
&,

[79

[83

(84

[85

%
&

[88

[89

Drey, et al.

In 2022 IEEE International Symposium on Mixed and Augmented Reality Adjunct
(ISMAR-Adjunct). 423-428. https://doi.org/10.1109/ISMAR- Adjunct57072.2022.
00091

Fritz Zwicky. 1967. The Morphological Approach to Discovery, Invention, Re-
search and Construction. In New Methods of Thought and Procedure, Fritz Zwicky
and Albert G. Wilson (Eds.). Springer Berlin Heidelberg, Berlin, Heidelberg,
273-297.

A Usability Walkthrough Procedure
The conducted usability walkthrough followed this procedure:

(1) Preparation: As the first step, we provided a brief descrip-
tion of the system used. We also informed participants about
how a think-aloud study operates and what we expected
from them.

(2) Tutorial: We offered a standardized explanation of all fea-
tures to ensure that each participant could potentially use
the tool in the same manner. Participants were encouraged
to ask questions if any concepts were unclear to them.

(3) Demographics: After completing a brief demographic ques-
tionnaire, participants had the option to take a break up to
five-minutes.

(4) Task 1: In the first content creation task, capped at 30 min-
utes, participants initially focused on creating a chair before
moving on to a table. They had the freedom to choose the
specific type of object within the given category and its scale,
such as miniature or life-size. There were no restrictions on
the tools used or task structure.

(5) Interview 1: Following the first creation task, a brief inter-
view consisting of three questions was conducted to collect
participants’ feelings about the tool and their work. The ques-
tions addressed participants’ satisfaction with their results,
their perceived proficiency with the tool, and any behavioral
changes they might consider for the next task. After the
interview, participants had the option to rest for up to five
minutes.

(6) Task 2: In the second content creation task, also limited
to 30 minutes, participants were initially directed to create
a house before proceeding to a garden. As with the first
task, they could choose the specific type of object within the
given category and its scale. There were no constraints on
the choice of tools or how they structured their task.

(7) Interview 2: In the second interview, a more extensive set
of 21 questions was asked, covering various aspects of the
tool and user experience. These questions targeted areas of
interest, such as comparing 2D and 3D features, participant
behavior, and potential tool use cases. If the session war-
ranted it or if unusual behavior, such as a strong focus on
using a particular tool, was observed, customized questions
were also included in the interview to gain deeper insights.
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