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Abstract
Storyboards are one of the most effective methods to pre-visualize a story: a sequence of illustrations or pictures portray-
ing settings, characters, actions, and events. This graphical representation is a roadmap that guides industry professionals 
through the story. The storyboarding process is a key step for both movie and video game productions, allowing creators 
to visualize the scenes and find potential problems before they occur. While storyboards are usually drawn or sketched in 
2D, 3D approaches enable storytellers to achieve a better understanding of spaces, objects, lights, and camera movements: 
these approaches are usually named “3D Storyboards”. The feeling of immersion provided by extended reality (XR) tech-
nologies can further enhance these benefits. This manuscript investigates and compares two 3D XR-based storyboarding 
solutions, which share a common graphical user interface. The proposed systems have been tested with domain experts 
and students in a tabletop-scale scenario. Experimental results clearly indicate that the virtual reality-based solution, with 
the current interaction standards imposed by the chosen systems, outperforms the augmented reality in terms of usability; 
moreover, participants reported a lower workload when using an input interface based on physical controllers.
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A comparison between two XR-based tabletop solutions for 3D 
storyboarding

Federico Manuri1 · Francesco De Pace2 · Valentina Carrescia1 · Sara Piumatti1 · Andrea Sanna1

find potential problems before they occur during produc-
tion. The storyboarding process is a key step in both movie 
and video game productions, but it is also widely applied 
in other domains, including theater performances, advertis-
ing campaigns, virtual project presentations, and software 
development, particularly for describing user interfaces and 
user interactions.

A sample of a storyboard sequence is presented in Fig. 1: 
in this example from the video game Ryzom, for each shot, 
the image is depicted on the left, actions (and possibly dia-
logues) are detailed under the image, and shot numbers and 
other technical details are provided on the right. Storyboards 
can provide diverse levels of detail depending on different 
templates. The key elements of a storyboard are:

	● Shot images: panels able to show characters and their 
actions

	● Shot numbers: numbers indicate the temporal position 
of each shot in the current scene

	● Action(s): a description of what happens in a shot can 
also be included

	● Dialogue(s): conversations between two or more char-
acters and/or background narrations

1  Introduction

A storyboard is a sequence of images visually representing 
a story by depicting settings, characters, actions, and events. 
Storyboards are one of the most effective methods to pre-
visualize a story, helping creators to visualize the scenes and 

http://crossmark.crossref.org/dialog/?doi=10.1007/s10055-026-01381-8&domain=pdf&date_stamp=2026-5-15
https://doi.org/10.1007/s10055-026-01381-8
mailto:federico.manuri@polito.it
mailto:francesco.de_pace@cim40.com
mailto:valentina.carrescia@gmail.com
mailto:sara.piumatti@gmail.com
mailto:andrea.sanna@polito.it


1 3

144  Page 2 of 20 Virtual Reality (2026) 30:144

	● Technical details: these details explain how the shot 
should be created in production; for instance, camera 
parameters and sound effects are often included, as well 
as camera movements

Storytellers (also referred to as storyboard artists in the rest 
of the paper) usually draw or sketch storyboards in 2D, 
either with traditional or digital tools (Adobe 2025). While 
this process may appear intuitive, it requires good drawing 
skills and the ability to visualize how the camera will frame 
the scene before it is drawn. Picture-based applications help 
overcome the need for drawing skills by offering datasets 
of pre-made images that users can incorporate into their 
storyboards  (Clever Prototypes 2025; Canva 2025). How-
ever, users have to learn how to use the application, search 
for appropriate images for each panel, and work within the 
constraints of the available dataset. In 3D animation pro-
ductions, artists have to convert from 2D storyboards to 
3D scenes and assets. However, since it is very difficult to 
approximate a real camera shot when drawing a 2D panel, 

this transition might lead to inconsistencies, such as objects 
occluding the camera or incorrect scale factors for set ele-
ments (Gouvatsos 2018).

In recent years, 3D game engines, modeling, and anima-
tion tools have been researched and developed, and novel 
solutions have emerged to support the storyboarding process 
in 3D (Galvane et al. 2019; Rao et al. 2023), addressing the 
limitations of the 2D approaches. The resulting storyboard 
panels can depict the relative positions of objects and char-
acters within the virtual scene, along with their spatial rela-
tionships (Siddi 2025). A key advantage of a 3D approach 
is long-term cost reduction, since tasks such as adjusting 
camera positions, modifying lights, or adding simulations 
can be automated. Therefore, 3D storyboarding applications 
address the challenge of converting 2D shots into 3D lay-
outs, offering artists and filmmakers an interactive pre-visu-
alization (Gouvatsos et al. 2014). Using 3D tools (e.g., game 
engines), storytellers can work directly with 3D resources to 
precisely define what will appear on the screen (Chapman 
2023). Moreover, 3D solutions support storyboard artists 

Fig. 1  A sample of a storyboard sequence from the open-source video 
game Ryzom; image by Ryzom available under CC-BY-SA−2.0 
License. For each shot, the image is depicted on the left, actions (and 

possibly dialogues) are detailed under the image, and shot numbers 
and other technical details are provided on the right
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by providing immediate feedback on how animations and 
actions will appear (Lin et al. 2015; Trottnow et al. 2015); 
in particular, game engines can deliver real-time responses 
with high production quality (Moran 2015; Kilkenny 2023). 
As a result, the length of a panel can be specified by com-
puting the time needed to play the corresponding actions 
(see Fig. 2 as an example), thus providing an intermediate 
product between a simple “static” storyboard and an ani-
matic. This approach allows potential issues to be detected 
and fixed in the early stages of the production pipeline.

Recent advances in extended reality (XR) demonstrate 
how 3D desktop applications may benefit from such tech-
nologies. Augmented reality (AR) and virtual reality (VR) 
offer storytellers new possibilities that go far beyond tradi-
tional 3D environments (Nebeling et al. 2021). XR technol-
ogies can transform and enhance the perception of the space, 
extend the user experience, and foster social interaction by 
enabling users to share digital spaces. It has been shown that 
VR tools enhance a storyboard by giving more control of 
the camera and animated assets (Schaefer 2024), and they 
may be used to create flattened images for traditional story-
boards. Although XR technologies for storyboarding have 
been explored in the past, a comparison between different 
3D XR-based storyboarding systems has not yet been con-
ducted. Existing AR and VR commercial solutions present 
many differences and can benefit end users in distinct ways. 
It is therefore important to determine whether, given the 
same UI, scenario, and task, users show a preference for one 
of the two solutions. This paper focuses on the 3D storyboard 
domain (hereinafter referred to simply as “storyboard”). In 
particular, the design, development, and comparison of two 
3D XR-based applications is performed. Comparing an AR-
based and a VR-based storyboarding system should provide 
valuable insights to foster XR storyboarding research and 

highlight possible future trends. The aim of this research is 
to answer the following research questions:

	● R1a: Do users prefer the interactions of an augmented 
or virtual reality commercial system for creating 3D 
storyboards in a tabletop scenario? R1b: Why do they 
prefer one or the other application?

	● R2: What is the usability perceived by the users with the 
two solutions?

	● R3: What is the level of workload perceived by the users 
with the two solutions?

In this research, AR and VR storyboarding apps have been 
designed and developed for two wearable devices; in partic-
ular, the Microsoft HoloLens 2 has been selected as the AR 
device, and the Oculus Rift as the VR headset. The tabletop 
scale has been chosen for both applications to migitate the 
issues due to the narrow field of view (FoV) of AR optical 
see-through devices. The graphics user interfaces (GUIs) 
have been designed by leveraging the Mixed Reality Toolkit 
(MRTK), thus minimizing the differences between the AR 
and VR applications.

A three-step approach has been chosen to compare the 
two storyboarding applications. First, to unearth and fix 
usability problems, we tested the applications with usability 
experts. We then gathered domain expert feedback from two 
professional storyboard artists in a simulated storyboarding 
session. Finally, we performed a between-subjects statisti-
cal evaluation of the proposed solutions with students; two 
separate user groups evaluated the applications to avoid 
learnability effects due to the similarities between the two 
solutions. Users created a storyboard, either in AR or VR, 
and then evaluated the system by filling out two question-
naires to measure usability and task workload. Furthermore, 

Fig. 2  An example of a storyboard that shows the story of two characters: Anna and Luca. Shot numbers, scene lengths, focal lengths, and text 
descriptions are associated with each image of the sequence
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the users answered four open questions to provide further 
insight with regard to the proposed system, perceived limi-
tations, and possible improvements. Experimental results 
clearly indicate that the virtual reality-based solution, with 
the current interaction standards imposed by the chosen sys-
tems, outperforms the augmented reality in terms of usabil-
ity. Moreover, participants reported a lower workload when 
using an input interface based on physical controllers.

The paper is organized as follows: Sect. 2 reviews dif-
ferent approaches for 3D storyboarding, and XR benefits 
are also discussed. The design and implementation of the 
two XR solutions are described in Sect. 3. User tests and 
obtained results are presented in Sect.  4 and discussed in 
Sect. 5.

2  Related works

Different solutions to create digital storyboards based on 3D 
scenes have been explored in previous works, supporting the 
growing interest in novel storyboarding approaches. Thus, a 
thoughtful analysis is necessary to obtain a clear insight into 
the pros and cons of existing solutions. The following sec-
tions present both an analysis of 3D storyboarding research, 
exploring different approaches to creating storyboards, and 
XR-based solutions, which investigate the benefits of AR 
and VR.

2.1  Traditional 3D storyboarding approaches

Storyboard panels should depict characters and their actions. 
In a 3D environment, the user has to set up the stage and 
define the characters’ poses. The stage is either obtained by 
modeling the assets or loading them from a library; the first 
approach corresponds to drawing the scene in a 2D story-
board, whereas the second approach is similar to picture-
based applications. Character posing is a fundamental step 
in the process of 3D animation (Sito 2013), as characters’ 
poses usually represent key moments of a story. As for the 
stage setup, it is possible to manually define poses with a 
forward and inverse kinematics approach or rely on anima-
tion libraries with a scene enactment approach.

2.1.1  Forward and inverse kinematics

2D animations simulate motion through the rapid succes-
sion of 2D images with slight differences; 3D animations 
are based on changing the position and rotation (or pose) 
of the 3D models in the virtual space in a given time frame. 
For complex objects such as characters, a skeleton is usually 
defined and rigged to the 3D mesh; the user can specify the 
character’s pose by moving and rotating the skeleton bones 

both in forward and in inverse kinematics. A typical human-
character model is represented by more than 50 degrees of 
freedom, whereas a typical user input is way more low-
dimensional  (Wei and Chai 2011). Thus, an easy-to-use 
interface for 3D character posing should support various 
user constraints to empower users with different skill levels: 
professional users should be able to curate character poses 
in detail, whereas less experienced users should be able to 
define realistic poses without too much effort. Unfortunately, 
traditional 3D editing tools remain complex and laborious 
compared to 2D sketching; virtual character posing is a 
time-consuming and skill-intensive task that requires ani-
mators to work with sophisticated user interfaces. Commer-
cial solutions, such as Frameforge 3D (Innovative Software 
2024) or Shot-Pro (WebGames3D com 2024), usually target 
expert users, as they are complex to master and present a 
steep learning curve.

Due to the complexity of traditional character posing, 
other research works investigate the usage of custom tangi-
ble interfaces instead of traditional input modalities to sim-
plify the posing process. Ishii and Ullmer first researched 
tangible interfaces to replace the mainstream skeleton 
manipulation process (Ishii and Ullmer 1997) since mouse 
and keyboard interfaces fall short because their control 
spaces do not match the perceptual space of the 3D interac-
tion task  (Jacob and Sibert 1992). Jacobson et  al. (2014) 
proposed a tangible device for direct, physical manipulation 
with degrees of freedom in direct correspondence with the 
3D rotations at the skeletal joints of the virtual character. 
The user may quickly assemble a custom device based on 
modular, hot-pluggable mechanical parts to establish a one-
to-one mapping between the physical device and a virtual 
skeleton. However, professional character rigs may contain 
hundreds of bones, spanning many levels in the skeletal 
hierarchy. Thus, with this approach, the user would need a 
lot of parts and time to model a complex rig or limit the 
interface mapping with partial binding at a specific level of 
the rig’s hierarchy. This limitation was addressed by Glauser 
et al. (2016), introducing a symbiotic software and hardware 
approach to directly control complex rigs using only a small 
set of physical controls to avoid both oversimplification of 
the pose space and excessively bulky device configurations. 
However, the system’s capability to create realistic poses 
highly depends on the retargeting algorithms and the pose 
interpolation schemes available to the user.

2.1.2  Scene enacting

A less explored approach toward 3D character posing con-
sists of enabling the user to enact the actions depicted in the 
script. Pizzi et al. (2010) proposed an authoring tool allow-
ing game designers to formalize, visualize, modify, and 
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validate game-level solutions in the form of automatically 
generated storyboards. The proposed system automatically 
generates possible solutions to a given game level using the 
player character as the main agent and gameplay actions as 
the basic elements of solution generation, using the descrip-
tion of the initial state, the level’s objective, and the level 
layout as input. The storyboard generation algorithm runs 
parallel to the solution generation phase, using templates to 
construct each storyboard panel from data corresponding to 
the actions performed to solve the game level. The panels 
are then assembled sequentially into a full storyboard pre-
senting the complete level solution generated by the system. 
However, this solution is limited in terms of user customiza-
tion, similar to automatic 2D to 3D or text to 3D solutions.

More recently, Manuri et  al. (2024) explored a similar 
approach to automatically generate a storyboard that gives 
users complete control over the actions performed by the 
characters. This system enables users to select the available 
characters or the camera, control them in first person, posi-
tion them in the scene, and perform actions chosen from 
a list (each action corresponds to a character animation). 
The system can automatically generate the list of avail-
able actions from the context (e.g., characters can open a 
door only if they are close enough), relying on the concept 
of state-machine. Finally, the descriptions for each story-
board panel are automatically generated: the sequence of 
the performed activities is used to create the text descrip-
tions, whereas screenshots are taken from the point of view 
of the virtual cameras. This approach overcomes the need 
for specific user skills, thus providing a simple point-and-
click interface. Moreover, it confers complete control to 
the user, minimizing the constraints on the artist’s creative 
process, which is free to explore visual alternatives start-
ing from the original script. The limitations of this approach 
in a traditional 3D desktop application involve difficulties 
in camera usage and character and object selection, which 
other 3D assets may obscure. However, an immersive VR 
solution would easily overcome these limitations, as further 
discussed in Manuri et al. (2023).

2.2  Alternative 3D storyboarding approaches

Based on the state-of-the-art analysis, three research 
approaches have been explored to improve 3D storyboard-
ing methods: 2D to 3D conversion, text to 3D conversion, 
and storyboarding in XR.

2.2.1  2D to 3D sketch conversion

2D sketching is part of most animation pipelines and is 
used by both animators and pose artists to define the initial 
pose before the animation stage. One approach to pose 3D 

characters consists of drawing 2D sketches and automati-
cally translating them into 3D poses, with the simplest solu-
tion being the analysis of stick figures  (Xiao et al. 2015). 
However, 2D sketches do not provide any volume data; thus, 
depth and symmetry ambiguities may arise. To address this 
problem, systems may require additional input data in the 
form of silhouettes (Hahn et al. 2015), lines of action (Guay 
et al. 2013), or gesture drawings (Bessmeltsev et al. 2016). 
However, additional input may be more complex to ana-
lyze in real-time, require more effort by the user creating 
the sketch, or require multiple refinements by the user. The 
solution proposed by Mao et al. (2005) requires the user to 
draw lines with different thicknesses to distinguish between 
body parts closer to the camera and those far away. Interac-
tive systems may require the user to refine progressively the 
character pose through body lines (Mahmudi et al. 2016); 
Mouajjah and Plessiet proposed a progressive incremental 
method that lets the user specify the overall masses in the 
scene, define the initial pose by body lines and sticky figure 
lines, and build the character pose gradually by adding finer 
details (Mouajjah and Plessiet 2021).

Automatic solutions have also been explored to infer a 
3D pose from a drawing, matching the 3D model projec-
tion and inferring the missing depth. This result can be 
obtained with a database approach, using computer vision 
techniques to compute the tracking and posing (Jain et al. 
2009) and positioning the character in the scene (Xu et al. 
2013). An alternative to the database approach is the explicit 
shape model approach, which compares the 2D image with 
a rendered pose of a 3D model to estimate how close it is 
to the correct pose (Favreau et al. 2004). This approach is 
efficient if multiple camera views are available, but requires 
a 3D model similar to the one represented in the 2D image. 
Gouvatsos et al. (2017) formulated the inference of the 3D 
pose as an optimization problem, proposing a parallel varia-
tion of the Particle Swarm Optimization algorithm called 
PARAC-LOAPSO for searching the minimum.

Overall, approaches based on the 2D to 3D sketch con-
version require the user to have good drawing skills. More-
over, automatic approaches are less flexible with regard to 
the artist’s creative process, whereas interactive approaches 
require the user to learn how to convey depth information 
through additional inputs or sketching techniques.

2.2.2  Text to 3D conversion

Another approach investigated to improve the storyboard-
ing pipeline focuses on using text and annotations to 
convey additional information from the script automati-
cally. Louarn et al. (2018) propose a staging specification 
language that receives as inputs a 3D model of the scene 
with the environment, props, and characters, and a staging 
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specification describing the position of cameras and char-
acters in the 3D scene. The system outputs a scene layout 
with characters and cameras placed following the staging 
specification. Zhang et al. (2021) propose a 3D animation 
system that allows novice users to create, edit, preview, and 
render animations. The pipeline is based on text editing, 
parsing the texts as semantic scene graphs through natural 
language processing, retrieving 3D object models for virtual 
scene composition, and applying motion clips for character 
animation. Kim et al. proposed ASAP (Kim et al. 2021), a 
tool for auto-generating storyboards and previz for screen-
writers and filmmakers. The system expects a script format-
ted following the Final Draft standard, then parses it into 
actions, characters, and dialogues by combining deep learn-
ing, data-driven, and rule-based approaches. Based on these 
inputs, it generates virtual humans’ physical motions and 
co-speech gestures, presenting natural behavior/dialogue 
scenes. Recently, Rao et  al. (2023) proposed the Virtual 
Dynamic Storyboard (VDS), allowing users to storyboard 
shots in virtual environments. The system requires a format-
ted story script and a camera script as input to generate sev-
eral character animations and camera movement proposals 
following predefined story and cinematic rules to allow an 
off-the-shelf simulation engine to render videos.

Whereas these approaches are very promising for auto-
mating part of the storyboarding process, existing solutions 
present two limitations: they require a custom textual input, 
either providing additional annotations or specific format-
ting to the original script; they do not allow the user to cus-
tomize the final result by an approach that is not text-based, 
thus implying less flexibility with regard to the artist’s cre-
ative process.

2.2.3  3D storyboarding in extended reality

Previous research studies explored the usage of XR to ben-
efit the storyboard and animation process. One of the first 
examples of AR storyboarding tools was investigated by 
Shin et al. (2005): the proposed system allowed the user to 
place physical markers on a desk to define the scene com-
position and the characters’ poses. The project aimed to 
exploit AR to enable non-experienced users to compose 3D 
scenes for creating storyboards in a tabletop real environ-
ment. Using ARToolKit  (Kato and Billinghurst 1999) and 
an RGB camera tracking the desk, the system could detect 
and convert the markers into 3D assets and compose the 3D 
scenes for a storyboard.

With the diffusion of Immersive Virtual Reality solu-
tions, traditional storyboarding tools have proven to be shal-
low and restrictive with regard to the challenges posed by 
planning and producing fully explorable 3D environments. 
Henrikson et al. investigated the problem of creating movies 

for VR, collaborating with film professionals to explore and 
address creating storyboards for VR and the related chal-
lenges  (Henrikson et al. 2016): the proposed system pairs 
a sketch tablet and a VR head-mounted display (HMD), 
allowing one user to sketch a storyboard scene on stacked 
panoramic panels, corresponding to concentric cylindrical 
surfaces of increasing view depth, whereas the other user 
can visualize the resulting scene in VR. The proposed proto-
type is a collaborative, multi-device storyboarding solution 
that supports quick authoring and fast virtual environment 
navigation.

Berford et  al. (2017) addressed the limitations of ani-
mating in traditional third-party tools and importing into 
VR, and the issues related to the context switch between 
VR and 2D monitors. They proposed a fully VR anima-
tion layout tool, Dollhouse, that allows users to position 3D 
assets in a scene, set keyframes, and playback the state of 
the animation. They further expanded this tool with Mae-
stro, a cross-platform sequence management and playback 
tool that allows any number of users to review in VR a 3D 
experience. The sense of depth allows the viewer to men-
tally navigate through the space, clearly understanding how 
scene elements are laid out and how the user may navigate 
the scene.

Galvane et al. (2019) explored the usage of VR as a con-
tent creation tool for movie pre-visualization, exploiting 
the ease of use of VR manipulations for scene composition 
and character animation. The proposed system also offers a 
storyboarding mode, which allows users to define the static 
scene, the character poses (with a character posing approach, 
as described in Sect. 2.1.1), and the cameras, annotate each 
shot, and specify camera motions. The proposed tool aims 
to rely on VR immersive technologies to author animated 
3D content, exploiting the capacity to manipulate virtual 
objects using 6D input devices.

Manuri et  al. (2025) recently proposed a novel para-
digm to create storyboards in XR in a 1:1 scale environ-
ment. The proposed approach leverages the capabilities of 
object-detection and pose-estimation systems to include the 
physical environment and all its furniture in the storyboard, 
exploring the interaction between virtual characters and 
physical objects to define the character poses. This research 
represents a starting point for enacting scripts and framing 
the environment to obtain storyboard panels that mix real 
and virtual elements.

From this analysis, an XR storyboarding application that 
relies on libraries of 3D assets and animations would over-
come the limitations of other methods:

	● It would not rely on the user’s drawing or posing skills
	● It would not require custom inputs nor the user’s skills 

to create them
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	● It would offer higher flexibility with regard to the artist’s 
creative process and customization capabilities

3  Materials and methods

From the analysis of the state-of-the-art, it is possible to 
summarize the features provided by the different story-
boarding approaches and paradigms, as depicted in Table 1. 
The following sections present the requirements, the pro-
posed application workflow, and the development of the two 
XR solutions.

3.1  Requirements

As depicted in Table  1, 3D approaches improve on 2D 
methodologies as the storytellers can achieve a better under-
standing of spaces, objects, lights, and camera previews. To 
design and develop the two XR applications, it is necessary 
to define the functional requirements. Truong et al. (2006) 
defined five essential attributes that characterize a story-
board as:

	● Req1: level of detail in terms of elements depicted in the 
frame and photo-realism of the representation

	● Req2: inclusion of text describing the story for each 
panel

	● Req3: inclusion of people and emotions to show inter-
actions, motivations, or to build empathy

	● Req4: number of frames used to depict the story
	● Req5: indicating the time passing or conveying changes 

over time

Additionally, to further enhance the benefits provided by 3D 
solutions, XR technologies should provide:

	● Req6: feeling of immersion (Henrikson et al. 2016; Ber-
ford et al. 2017; Galvane et al. 2019), allowing the user 
to experience the scene from the characters’ point of 
view and explore different storytelling options.

	● Req7: easy camera movements  (Berford et  al. 2017; 
Galvane et al. 2019; Manuri et al. 2024, 2023)

	● Req8: easy environment navigation (Berford et al. 2017; 
Galvane et al. 2019)

	● Req9: natural object manipulation (Galvane et al. 2019; 
Manuri et al. 2024, 2023)

	● Req10: multi-user support (Henrikson et al. 2016; Ber-
ford et al. 2017)

Finally, to overcome the limitations depicted in the related 
work analysis, the application should

	● Req11: not require the user to have good drawing 
skills  (Xiao et al. 2015; Hahn et al. 2015; Guay et al. 
2013; Bessmeltsev et al. 2016; Mao et al. 2005; Mahmu-
di et  al. 2016; Mouajjah and Plessiet 2021; Jain et  al. 
2009; Xu et  al. 2013; Favreau et  al. 2004; Gouvatsos 
et al. 2017; Henrikson et al. 2016)

	● Req12: not require the user to have experience in 3D an-
imation and posing techniques (Xiao et al. 2015; Hahn 
et al. 2015; Guay et al. 2013; Bessmeltsev et al. 2016; 
Mao et  al. 2005; Mahmudi et  al. 2016; Mouajjah and 
Plessiet 2021; Jain et al. 2009; Xu et al. 2013; Favreau 
et al. 2004; Gouvatsos et al. 2017; Henrikson et al. 2016; 
Louarn et al. 2018; Zhang et al. 2021; Kim et al. 2021; 
Pizzi et al. 2010; Manuri et al. 2024, 2023)

	● Req13: not rely on a preformatted script or additional 
inputs to the system  (Louarn et  al. 2018; Zhang et  al. 
2021; Kim et al. 2021)

Based on these requirements and the features detailed in 
Table 1, the scene-enacting approach has been chosen for 
the development phase of the two XR applications.

3.2  The application workflow

The proposed storyboard workflow is depicted in Fig.  3. 
Firstly, the user defines the reference table according to the 
chosen technology. Then, an XR storyboarding solution 
requires two phases: 

1.	 Virtual Stage Setup: the user builds the virtual set for a 
scene, selecting 3D assets from a virtual library and plac-
ing them in the virtual environment

2.	 Storyboarding: the user poses the characters with regard 
to the script, sets the lights, and positions the camera to 
frame the scene; after framing the scene, the system will 
automatically generate the text describing the panel and 
add the current panel to the storyboard

3.2.1  Virtual stage setup

The first step consists of building the virtual set for a scene. 
A drag-and-drop approach can foster the creation of a 3D 
set, allowing the user to select 3D assets from a virtual 
library (Req1, Req11). When the set is ready, the user can 
define the starting position for the characters, using the same 
approach proposed for setting up the 3D stage.

3.2.2  Storyboarding

The storyboarding phase requires the user to set up and 
frame the scene, defining several shots to determine the 



1 3

144  Page 8 of 20 Virtual Reality (2026) 30:144

Table 1  The storyboarding features provided by the different 2D and 3D approaches discussed in the literature
paradigm approach real 

camera 
preview

proper 
space 
perception

realistic spatial 
relationships
among objects

support 
multiple 
cameras

drawing 
skills 
not 
required

easy lights 
and
shadows 
management

simulations character 
pose 
flexibility

posing 
skills 
not 
required

2D drawing (Adobe 
2025)

X X X X X X X ✓ ✓

picture-
based (Clever 
Prototypes 2025; 
Canva 2025)

X X X X ✓ X X X ✓

3D posing 
(mouse) (Inno-
vative Software 
2024; Web-
Games3D com 
2024)

✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ X

posing (tangible)
(Ishii and 
Ullmer 1997; 
Jacob and Sibert 
1992; Jacobson 
et al. 2014; 
Glauser et al. 
2016; Shin et al. 
2005; Kato and 
Billinghurst 
1999; Berford 
et al. 2017; 
Galvane et al. 
2019)

✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓

2D to 3D (Xiao 
et al. 2015; 
Hahn et al. 
2015; Guay 
et al. 2013; Bes-
smeltsev et al. 
2016; Mao et al. 
2005; Mahmudi 
et al. 2016; 
Mouajjah and 
Plessiet 2021; 
Jain et al. 2009; 
Xu et al. 2013; 
Favreau et al. 
2004; Gouvat-
sos et al. 2017; 
Henrikson et al. 
2016)

✓ ✓ ✓ ✓ X X X X ✓

text to 
3D (Louarn 
et al. 2018; 
Zhang et al. 
2021; Kim et al. 
2021)

✓ ✓ ✓ ✓ ✓ X X X ✓

scene enact-
ing (Pizzi et al. 
2010; Manuri 
et al. 2024, 
2023)

✓ ✓ ✓ ✓ ✓ ✓ ✓ X ✓
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storyboard based on the script. To this end, the user has to 
repeat the following actions for each shot: 

1.	 Define Characters Poses: the user selects the char-
acters, one by one; for each character, one or more 
actions can be chosen; upon selection, the correspond-
ing animation(s) starts; the user stops the animation(s) to 
define the character pose (Req12 and Req3). Actions can 
target the character itself, another character, or an object 
in the scene. Actions not dependent on another 3D ele-
ment are displayed when a character is selected; select-
ing other 3D elements, actions that the current character 
can perform on those targets are shown. It is relevant to 
clarify that actions can be cyclical or one-shot. Cyclical 
actions are started by selecting the corresponding action, 
and they only stop when a different action is selected. 
One-shot actions start and stop autonomously, and then 
the character returns to the previous pose. For instance, 
a standing character can jump and, at the end of the ani-
mation, will be standing again. Moreover, the user can 
specify if the actions pertaining to one shot are concur-
rent or consecutive; therefore, different temporal adverbs 
will be used when generating the phrase based on the 
user’s choice (Req5). Finally, some actions may allow 
the user to specify additional details with a virtual key-
board. For example, if the user selects the ‘talk to’ action, 

the system shows a prompt to type the dialogue using the 
virtual keyboard or to dictate it. The resulting text will be 
automatically included in the panel’s textual description. 
If the action described in the script is not available in 
the action database, the user can select the ‘other’ action 
option: a prompt to digit the action name will appear to 
generate the shot description properly, whereas the char-
acter pose corresponding to the action will not be avail-
able, and the character pose will not change

2.	 Set Lights: when the user completes the posing step for 
each character, lights in the scene have to be set: posi-
tion, direction, intensity, and color have to be specified 
(Req1 and Req11)

3.	 Set Camera: the user can then place one or multiple 
cameras in the scene and try out different camera’s 
parameters, trying out different shots to depict the cur-
rent storyboard panel (Req1 and Req11)

4.	 Define Shot Details: the user can specify additional 
details that will be part of the shot description in the sto-
ryboard, e.g., the shot duration (Req4)

5.	 Generate Textual Description: after that, the system 
automatically converts the actions performed by the 
characters into a textual description based on the char-
acter name, the action name, and (eventually) the tar-
get name (Req2 and Req13). The resulting text can 
be improved by performing a rephrasing step based on 

Fig. 3  The proposed workflow to generate 3D storyboards in extended reality
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generative pre-trained transformer models fine-tuned to 
target conversational usage, such as ChatGPT.

6.	 Update Storyboard: the resulting storyboard panel, 
including the shot, the text, and the camera details (such 
as the focal length), is added to the storyboard.

This process is repeated for each shot of the current scene, 
whereas the user has to build a new virtual setting when 
moving on to another scene of the script. When the last 
panel of the storyboard is ready, the system can generate 
the final storyboard as an HTML file that can be further 
reviewed with the opportunity to edit the textual content or 
reorder the panels.

This workflow’s scalability solely depends on the 3D 
asset and character libraries. Existing productions already 
have tons of 3D content that can be used to populate such 
libraries, whereas websites providing free 3D models and 
animated characters exist, even with animations (e.g., Mix-
amo, Adobe 2024).

3.3  The XR applications development

To effectively and fairly compare two XR systems that rely 
on different visualization and interaction approaches, it is 
necessary to develop two applications that could be expe-
rienced similarly with both XR paradigms. Thus, the pro-
posed functionalities and the UI elements should be almost 
the same. On the other hand, the visualization imposed by 
the chosen systems (AR or VR) and interaction paradigms 
(hand or controller), which are representative of the chosen 
XR systems, should be the only differences between the two 
systems.

3.3.1  Technologies

The Unity game engine  (Unity Technologies 2024) has 
been selected to develop the proposed system since it 
allows developers to deploy the resulting application for 
most of the AR and VR devices available on the market 
(Req6-Req10). The HoloLens 2 by Microsoft has been 
chosen as the target AR device since it represents the state 
of the art in terms of wearable see-through devices. The VR 
device of choice is the Oculus Rift headset: it is a valuable 
device for tabletop VR experiences and is easier to set up 
than the HTC VIVE headset. Moreover, the Mixed Real-
ity Toolkit 2 (MRTK2) (Microsoft 2024) has been chosen 
to design the GUI: this Microsoft-driven project provides a 
set of components and features tailored for cross-platform 
Mixed Reality app development in Unity, thus providing 
the cross-platform input system and building blocks for 
spatial interactions and UIs. To complete the system, the 
proposed software architecture relies on OpenXR  (Group 

2024), an open standard that provides cross-platform, high-
performance access to XR platforms and devices, enabling 
applications and engines to run on any system that exposes 
the OpenXR APIs.

3.3.2  The user interface

The GUI has been designed to provide an easy, homoge-
neous interface with a low learning curve; this GUI could be 
effectively adopted by users not proficient in the AR or VR 
domains. The main menu displays the core options available 
to the user based on the application status; options are:

	● Creating a new scene
	● Loading or saving an existing scene
	● Renaming a scene
	● Running the tutorial
	● Switching between the virtual stage setup and the 

storyboarding
	● Adding a new camera
	● Taking a screenshot
	● Finalizing the storyboard

During the 3D scene setup, a 3D asset library is shown to 
the user. The user can select objects to build the setting and 
add characters. A piano, a chair, three walls, and a floor 
are the setting elements, whereas a female (Anna) and a 
male (Luca) are the two available characters, as depicted in 
Fig. 4. The selected (or active) character is Luca, as outlined 
by the red circle around Luca’s feet.

During the storyboarding, the user sees: the list of actions 
available for the active character, a menu with the option 
affecting the current vignette of the storyboard, the auto-
matically generated text description, and the screenshots 
rendered from the point of view of the active virtual camera, 
which represent the storyboard vignettes. A 3D camera is 
added by default to the scene to allow the user to take the 
screenshot; the main menu allows the user to add multiple 
cameras to the scene. The camera has a detachable panel 
representing the camera screen, thus enabling the user to see 
what the camera frames independently of the user’s posi-
tion; this panel can be placed wherever in the 3D space.

3.3.3  User input

The system has been designed to foster a natural interac-
tion with the GUI and the 3D objects. A point-and-click 
approach is provided to interact with faraway virtual ele-
ments. With the Oculus Rift, a virtual ray is cast by each 
hand controller; users can move the controllers to point 
the rays in the virtual environment as they would with the 
mouse in a 2D application. The click is performed with the 
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trigger button. With the HoloLens 2, users have been given 
two options: a hand-tracking input profile or a gaze-tracking 
and voice recognition profile. The first option is equivalent 
to the Oculus Rift approach, but the hand is tracked instead 
of the controller, and the click is performed with the pinch 
gesture, thus relying on the MRTK2 Gesture Recognition 
module. The second approach depends on the gaze-tracking 
capabilities of the HoloLens 2. It allows users to control the 
cursor position by moving their head, whereas the click is 
performed by pronouncing the word ‘select’, thus relying 
on the MRTK2 Windows Speech Input module. Moreover, 
a near-interaction modality was provided for both applica-
tions. With the Oculus Rift, users can interact with buttons 
and other ‘pushable’ elements simply by touching them with 
the controllers, whereas ‘graspable’ objects can be moved 
around by merely pressing the grip button. With the Holo-
Lens 2, the same near-interaction modality as the Oculus 
Rift can be performed by touching virtual objects with the 
index finger or using the pinch gesture on nearby objects to 
grab them.

4  Evaluation

A three-step approach has been chosen to compare the two 
storyboarding applications: 

1.	 The first step involves experts in testing usability

2.	 Then, professional storyboarders tried the application 
and gave feedback

3.	 Finally, students tested the application, and their feed-
back was collected by questionnaires

4.1  Expert usability evaluation

Three usability experts evaluated the AR and VR applica-
tions separately. The scope of this preliminary evaluation 
of the two XR applications is to unearth the most relevant 
problems and to fix them before performing the other two 
evaluation steps.

4.1.1  Metrics

Feedback from experts was collected in two ways:

	● Comments provided while testing the application, to 
highlight usability issues that should be fixed

	● A written evaluation based on Nielsen’s heuris-
tics (Nielsen 1994); experts were asked to rate the sys-
tem for each heuristic on a 1-to-5 Likert scale, with one 
corresponding to “Severe usability issues" and five cor-
responding to “Free from usability issues"; experts were 
also asked to describe the usability issues they identified 
for each heuristic

Fig. 4  The UI. All the elements of the interface are displayed: settings, characters, panels, virtual cameras, the taken screenshot, the text descrip-
tion, and so on
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Nielsen and Molich (Nielsen and Molich 1990) showed that 
aggregating evaluations from three to five evaluators is an 
effective approach to address most of the usability problems 
of a system/interface.

4.1.2  Participants

Usability experts have been selected among scholars from 
the Department of Control and Computer Engineering of 
the Politecnico di Torino, whose research is mainly related 
to human factors and extended reality, and who have at least 
three years of experience in this research field.

4.1.3  The selected use case

The use case consists of creating a storyboard using the fol-
lowing short script as a reference for testing all the applica-
tion’s functionalities:
Anna and Luca are in their home.
Luca approaches the piano and begins 

to play, while Anna sits next to 
him. 
At a certain point, Anna gets up from 

the chair and starts dancing. 
Luca then stops playing and approaches 

Anna. 
Luca applauds Anna. 
Anna stops dancing and smiles at him.
Users can decide how many panels to use to depict the 

actions described. The script was available for inspection 
anytime in the AR/VR UIs.

4.1.4  The test procedure

The overall test procedure can be summarized as follows:

	● Introduction: the user is introduced to the proposed re-
search, and the test procedure is explained in detail

	● User data: the user fills out a preliminary form used to 
collect general information about participants

	● Test: the user is introduced to the application by a tuto-
rial, then creates a storyboard based on the proposed use 
case. In this phase, the user is asked to provide feedback 
about usability issues as soon as they arise

	● Questionnaires: the user has to score the ten Nielsen’s 
heuristics on a 5-point Likert scale, based on the prob-
lems identified while testing the application

4.1.5  Results

Table 2 details Nielsen’s heuristics scores provided by the 
experts. The two applications provide similar usability, with 
a delta (∆) value between the average scores lower than 
one for seven out of ten heuristics. Moreover, all the heu-
ristics were rated with an average score of at least three, 
confirming that only minor usability issues arose during the 
tests. All the issues about heuristics with an average score 
of less than four have been addressed to improve usability. 
A complete list of the issues and suggestions detailed by the 
experts is provided as supplementary materials.

4.2  Professional storyboarder evaluation

Professional storyboarders participated in the user study to 
assess both strengths and weaknesses of the proposed work-
flow. This evaluation step aims to determine whether the 
proposed system can effectively support storyboard artists 
and other experts involved in the filmmaking and animation 
pipelines.

4.2.1  Metrics

After testing the two applications, users were asked to pro-
vide their feedback in an interview, highlighting their pros 
and cons.

Table 2  Nielsen’s heuristics scores provided by the experts (E1-E3)
AR VR

 # Nielsen’s Heuristic E1 E2 E3 AVG E1 E2 E3 AVG Δ
1 Visibility of System Status 3 3 4 3.33 4 4 5 4.30 1.00
2 Match Between the System and the Real World 4 4 4 4.00 5 5 5 5.00 1.00
3 User Control and Freedom 2 4 4 3.33 5 5 4 4.67 1.33
4 Consistency and Standards 3 4 5 4.00 4 5 5 4.67 0.67
5 Error Prevention 2 4 4 3.33 4 3 4 3.67 0.33
6 Recognition Rather than Recall 4 3 5 4.00 5 4 5 4.67 0.67
7 Flexibility and Efficiency of Use 4 4 5 4.33 5 5 4 4.67 0.33
8 Aesthetic and Minimalist Design 5 4 5 4.67 4 5 4 4.33 0.33
9 Help Users Recognize, Diagnose, and Recover from Errors 3 3 4 3.33 4 3 4 3.67 0.33
10 Help and Documentation 4 4 5 4.33 5 5 5 5.00 0.67
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4.2.2  Participants

Our research group has an ongoing collaboration with a 
local animation company, Animoka Studios (Studios 2025). 
The studio suggested two freelance professional storyboard 
artists (E1-E2), with more than 5 years of experience in 3D 
animation productions, to be involved in the user study.

4.2.3  The selected use case

The use case consists of creating a storyboard using the 
script detailed in Sect.  4.1.3 as a reference for testing all 
the application’s functionalities. The script was available for 
inspection anytime in the AR/VR UIs.

4.2.4  The test procedure

The overall test procedure can be summarized as follows:

	● Introduction: the user is introduced to the proposed re-
search, and the test procedure is explained in detail

	● User data: the user fills out a preliminary form used to 
collect general information about participants

	● Test: the user is introduced to the application by a tuto-
rial, then creates a storyboard based on the proposed use 
case.

	● Feedback: the user provides feedback regarding the 
overall experience.

4.2.5  Results

The storyboard artist concluded that, based on their expe-
rience, the proposed system can effectively support story-
board artists and other experts involved in the filmmaking 
and animation pipelines. One of the main strengths of the 
proposed XR solutions is being able to freely explore the 
3D space, trying out different camera shots, which allows 
the user to explore multiple ways to represent the scene and 
different storytelling options, regardless of the characters.

The advantages of the proposed 3D tool are the pos-
sibility of recreating the 3D space, testing different 
framings, and navigating the space immersively; this 
expands the possibilities for scene representation and 
is particularly valuable from a creative standpoint. 
(E1)

On the contrary, exploring the 3D environment through 
desktop applications usually limits this experience.

Desktop-based usage limits environment explora-
tion; interactions based on panning or rotating via 

traditional desktop commands constrain freedom of 
exploration in the 3D environment and creativity. (E1)

This confirms previous studies known in the literature, as 
discussed in Sect.  2. Moreover, the capabilities offered by 
the proposed system make it a flexible tool that could ben-
efit not only the storyboarding phase but also other steps of 
the production pipeline.

I would consider the animation component to define 
the character poses very useful for live-action pro-
ductions because it allows previewing of the scene, 
exploring different framings, and, if needed, produc-
ing an animatic with character animations (even sim-
plified ones), resulting in significant time and cost 
savings compared to production with real locations 
and actors. (E1)

Within the production pipeline, it would allow for 
hybridization of the storyboard phase and the 3D 
scene creation phase carried out by the layout art-
ist, making it possible to clearly define the dimen-
sions of environments, objects, and characters in the 
scene, particularly in complex environments or action 
sequences. (E2)

Moreover, the two professionals stated that the main limita-
tion of a traditional 2D approach is

the difficulty in correctly defining the proportions 
between objects and between objects and the environ-
ment; this is even more evident in complex environ-
ments. (E1)

On the contrary, the XR applications solve this limitation 
and allow the artist to focus on the creative process instead. 
Finally, both agreed that setting up the environment and 
freely exploring the scene immersively can greatly support 
the artist’s creativity. The full transcript of the interviews is 
provided as supplementary materials.

4.3  Comparative evaluation

A priori power analysis has been performed with 
G*Power  (Faul et  al. 2009) to determine the number of 
participants needed to observe a statistical difference for an 
independent two-sample t-test. Based on preliminary tests 
conducted with the AR and VR applications, a strong effect 
size is expected. For an effect size d = 0.8, alpha = 0.05
, and Power = 0.8, a total sample size of 42 users is 
expected. Due to the exploratory nature of the proposed 
study, a Power = 0.8 is usually considered reasonable in 
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this kind of research  (Giner-Sorolla et  al. 2024). Thus, a 
between-subjects evaluation has been performed to assess 
storyboard artists’ preferences and to answer the research 
questions detailed in Sect.  1 Two groups of twenty-one 
users each were asked to perform a brief storyboard using 
either the AR or VR interface. With regards to the proposed 
workflow depicted in Fig. 3, only the second step was tested 
by the users. Figure 5 shows one user storyboarding with 
the AR applications (on the left) and the VR application (on 
the right).

4.3.1  Metrics

To evaluate the user experience, users were asked to fill 
out the System Usability Scale (SUS) (Brooke et al. 1996) 
and the NASA Task Load Index (NASA-TLX) question-
naires  (Hart and Staveland 1988) at the end of the story-
boarding task. Completion times were also gathered, even if 
the task did not have a minimum or maximum completion 
time, due to the creative nature of the storyboarding process.

Errors were represented by user interactions that led to 
a mistake in the final storyboard: examples are users for-
getting to take a screenshot, resulting in a missing panel in 
the final storyboard, or panels missing some actions in the 
descriptions.

Additional data were collected to determine users’ infor-
mation that can be useful to further cluster the results: age, 
gender, previous knowledge of the AR/VR domain, fre-
quency of use of AR/VR devices, the most used AR/VR 
device, storyboard creation frequency, and preferred story-
boarding tool (if any). Finally, four open questions further 
allowed users to openly discuss which features were most 
or least appreciated, as well as missing features or possible 
changes to existing ones.

The resulting storyboards have been visually compared 
to ensure that the two solutions can produce similar results. 
However, the comprehensibility and communication power 
of the resulting storyboards have not been considered in the 
evaluation process. The scope of the proposed research is to 

evaluate whether users have preferences for one of the two 
XR solutions. In contrast, the user’s satisfaction with the 
obtained storyboard is already part of the SUS and NASA-
TLX analysis and can be further discussed by the users in 
the open questions.

4.3.2  Participants

Forty-two students participated in the user tests. All the stu-
dents involved in the test are enrolled either in the master’s 
degree program in Computer Engineering (Graphic and 
Multimedia learning path) or the master’s degree program 
in Cinema and Media Engineering. They also had the fre-
quency of at least one course on 3D animation and story-
telling techniques. Therefore, all the participants knew the 
storyboarding process well.

4.3.3  The selected use case

The use case consists of creating a storyboard using the 
script detailed in Sect.  4.1.3 as a reference for testing all 
the application’s functionalities. The script was available for 
inspection anytime in the AR/VR UIs.

4.3.4  The test procedure

The overall test procedure can be summarized as follows:

	● Introduction: the user is introduced to the proposed re-
search, and the test procedure is explained in detail;

	● User data: the user fills out a preliminary form used to 
collect general information about participants;

	● Tutorial: the user is introduced to the application by a 
tutorial that describes the main functionalities of the ap-
plication and lets the user practice with the interface;

	● Storyboard: the user performs the use case using either 
the AR or the VR application;

	● Questionnaires: the user has to fill out the SUS and the 
NASA-TLX questionnaires;

Fig. 5  A user storyboarding with the AR application (on the left) and the VR application (on the right)
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	● Open questions: the user can provide feedback regarding 
the overall experience, answering four open questions.

4.3.5  Results

All the users involved in the tests claimed to have previous 
knowledge of both storyboarding and the AR/VR domains. 
The gender distribution is similar, with 14 males and seven 
females in the AR test group (GAR) and 13 males and eight 
females in the VR test group (GV R). The average age is 
24.62 (σ = 1.62) for GAR and 23.38 (σ = 2.88) for GV R. 
Table 3 details the user distributions in the two test groups: 
how often the users in the two test groups create storyboards, 
the preferred tools for performing this task (users can specify 
multiple options), how often the users in the two test groups 
use AR or VR applications, and their most used AR or VR 
device. The frequency in creating storyboards was evalu-
ated on a (1–4) scale with 1 = rarely and 4 = very_often

: the users from both groups showed a frequency in creating 
storyboards over average (GAR µ = 2.8 and σ = 0.6, GV R 
µ = 2.57 and σ = 0.85). Half of the participants in both test 
groups preferred paper and pen storyboarding, whereas the 
other half opted for digital solutions (either digital drawing 
or 2D/3D storyboard applications). The frequency of use 
of AR or VR technologies was evaluated on a (1–6) scale 
with 1 = never and 6 = everyday: th e users from both 
groups showed a limited frequency of use (GAR µ = 2.1 
and σ = 1.37, GV R µ = 1.9 and σ = 1.04).

Data distributions (DDs) have been examined through 
the Shapiro-Wilk test to assess the SUS and the NASA-TLX 
results. The variance for each sample has been computed, and 

if the ratio between the two variances was lower than 4 : 1, 
equal variance has been assumed for the two populations. 
The SUS results for GAR and GV R present uniform distri-
butions (pGAR

= 0.586, WGAR
= 0.9633, pGV R

= 0.9251
, WGV R

= 0.98) and the observed effect size is minimal 
(KS −DGAR

= 0.09525, KS −DGV R
= 0.09783), indi-

cating that the magnitude of the difference between the 
sample distribution and the normal distributions is very 
small. The NASA-TLX results for GAR and GV R present 
uniform distributions (pGAR

= 0.3249, WGAR
= 0.9489, 

pGV R
= 0.6397, WGV R

= 0.9658) and the observed effect 
size is small (KS −DGAR

= 0.115, KS −DGV R
= 0.113

), indicating that the magnitude of the difference between 
the sample distribution and the normal distributions is small.

Subsequently, for normally distributed data, an indepen-
dent two-sample t-test was employed. The average SUS 
scores are µGAR

= 56.55 (σ = 19.65) and µGV R
= 83.04 

(σ = 8.44), and the independent two-sample t-test shows 
statistically significant differences between the two groups 
(p = 0.0000068). The average NASA-TLX scores are 
µGAR

= 52.7 (σ = 20.32) and µGV R
= 25.75 (σ = 12.32); 

the independent two-sample t-test shows statistically signif-
icant differences between the two groups (p = 0.0000072).

The NASA-TLX outcomes have also been evaluated 
by comparing the six weighted dimensions. However, the 
sign test has been used since the data present a non-uniform 
distribution, and the DDs are not symmetrical. The aver-
age NASA-TLX dimension scores are depicted in Fig.  6. 
There are significant differences for the effort (p = 0.04953
), frustration level(p = 0.00006), performance (0.02535), 
and temporal demand (p = 0.00729). In contrast, it was not 
possible to determine statistically significant differences 
for the mental and physical demands (p = 0.81855 and 
p = 0.40538, respectively).

On average, GAR users completed the task in 12 m 40 s 
(σ = 6m20s), whereas GV R users completed the task in 
14 m 29 s (σ = 6m24s). Users from GAR made on average 
1, 58 errors (σ = 1, 04), whereas users from GV R made on 
average 0, 53 errors (σ = 0, 68). Resulting storyboards are 
made, on average, of 5 to 6 panels.

4.4  Protocol

Before tests, participants gave their written informed con-
sent to participate, and they could discontinue participation 
at any time during the experiments. The experimental evalu-
ation protocols followed the declaration of Helsinki (World 
Medical Association 2024). Data were recorded per the 
European General Data Protection Regulation 2016/679, 
stored in local repositories with anonymized identities, 
and used only for the post-processing aggregate evaluation 
procedure. No sensitive data was recorded. All users were 

Table 3  How often the users in the two test groups actually create sto-
ryboards, the preferred tools used to perform this task, how often the 
users in the two test groups use AR (GAR) or VR (GV R) applications, 
and their most used AR/VR device

AR VR
Storyboarding Very often 1 3

Often 15 8
Sometimes 3 8
Rarely 2 2

 Preferred tool Paper & pen 10 11
Digital drawing 3 5
2D apps 6 3
3D apps 2 4

AR/VR usage Everyday 2 0
More than once a week 0 1
Once a week 1 1
Once a month 1 2
Less than once a month 9 9
Never 8 8

AR/VR device Smartphone 10 8
MetaQuest 2 0 5
Hololens 2 3 0
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volunteers, and they did not receive any reward for partici-
pating in the tests. The study was reviewed by the Politec-
nico di Torino’s Institutional Research Ethics Committee and 
approved with protocol number 2024-POTOCLE-0048836.

5  Discussion

The results show that the two test groups are comparable 
in age, gender, storyboard expertise, and knowledge of XR 
technologies. Based on the NASA-TLX questionnaire’s 
results and their statistical significance, it is possible to 
answer to R3 (what is the level of workload perceived by the 
users with the two solutions?): the users perceived a higher 
level of workload with the AR application, with an average 
value (µGAR

= 52.7) that is more than double compared 
to the VR one (µGV R

= 25.75). Further analyzing each 
dimension individually, it seems that the Effort, Frustration, 
and Performance dimensions greatly affected the overall 
results. The VR solution allowed the users to obtain better 
results in the storyboarding task with less effort, as denoted 
by a higher average performance value and a lower average 
effort value compared to the AR application. The frustration 
level is also noticeably different in favor of the VR solution. 

It was not possible to assess a statistical difference pertaining 
to the physical and temporal domains. The physical work-
load is perceived as very low, with a slightly higher average 
value for the VR solution, which can be due to the usage 
of the controllers. The temporal demand is relatively low, 
with a higher average value for the AR application. Since 
the task does not imply a minimum or maximum execution 
time due to its creative nature, it is reasonable to assume that 
the higher value for the AR solution is related to its lower 
usability score assessed with the SUS questionnaire.

Based on the SUS questionnaire’s results and their statis-
tical significance it is possible to answer to R2 (what is the 
usability perceived by the users with the two solutions?): 
the users appreciated the VR system, with an average SUS 
score of µGV R

= 83.04 (σ = 8.44) that correspond to a B 
grade or an almost excellent rating according to the adjec-
tive rating scale proposed by Berford et al. (2017). The AR 
solution instead was not really appreciated by the users; the 
average SUS score of µGAR

= 56.55 (σ = 19.65) corre-
sponds to an F grade or a slightly over OK rating.

Thus, based on this data, the answer to R1a (do users 
prefer augmented or virtual reality for creating 3D story-
boards in a tabletop scenario?) is that the users preferred 
the virtual reality system over the augmented reality one for 

Fig. 6  The NASA-TLX Scores

 



1 3

Page 17 of 20  144Virtual Reality (2026) 30:144

creating 3D tabletop storytelling with the current interac-
tion standards imposed by the chosen systems. To answer 
R1b (why do they prefer one or the other application?), it 
is relevant to consider both the NASA-TLX questionnaire’s 
results and the answers provided by the users to the open 
questions. These optional written comments allowed the 
users to answer four questions: 

1.	 Which features of the application did you like the most?
2.	 What did you like least or have difficulty doing?
3.	 What features would you add?
4.	 What would you change about the application?

Users from the GV R greatly appreciated the proposed pos-
ing approach (9 out of 21) and the camera system (8 out of 
21). The light system was also appreciated (5 out of 21). The 
interaction system based on the VR HMD and the control-
lers was considered the most relevant feature only for three 
users out of 21. On the other hand, no user of the GV R, not 
even the least used with this kind of technology, reported or 
experienced problems related to the user interface. These 
results, combined with the high SUS score and the low 
NASA-TLX score, may suggest that the proposed VR solu-
tion was so effective that the users forgot about the physical 
interaction device and could focus solely on the task.

Most of the users from the GAR had difficulty with the 
interaction system due to a perceived low tracking preci-
sion of the hand (12 out of 21) or with the voice recognition 
system (2 out of 21). These answers clarify the higher effort 
and frustration scores and the lower performance scores. It 
is relevant to report that only one user opted for head track-
ing and voice recognition to complete the task. The other 
users only tried it during the interactive tutorial: eventually, 
they performed a couple of interactions while creating the 
storyboard, but they mainly decided that the hand gesture 
approach was more natural for them. Six users pointed out 
that the interaction system was the best feature of the AR 
application. The average usage frequency of AR devices 
for these users was aligned with the general results (GAR 
µ = 2.5 and σ = 1.5). Thus, it is not possible to affirm that 
those who appreciate the interaction system the most are 
more expert in AR. The most appreciated feature by 13 out 
of 21 users from the GAR was the camera system, followed 
by the UI flexibility (6 out of 21). The UI flexibility had a 
positive effect against the limited FoV of the HoloLens 2, 
since only one user indicated it as the most relevant limita-
tion of the system. In contrast, two users felt overwhelmed 
by the number of panels in the UI. Therefore, the chosen 
tabletop scale was a successful strategy to mitigate the nar-
row HoloLens FoV. On the other hand, it is not possible 
to point out a relevant problem in the VR storyboarding 

application: negative features were never mentioned by 
more than three users.

5.1  Limitations

The proposed research presents some limitations. The first 
one is that the results cannot be generalized to the whole 
AR and VR categories, but only to other XR systems that 
provide the same visualization and interaction approach as 
those used in this research. This choice reflects the will to 
compare the storyboarding task on commercially available 
solutions instead of opting for an ad-hoc lab setup. To limit 
the comparison to the AR and VR paradigm, it would have 
been necessary to integrate physical controllers into the AR 
system: this would require a fixed external tracking system, 
whereas the benefit of AR mostly relies on the inside-out 
tracking approach. Moreover, to obtain the same FoV of the 
AR system on the VR system, it would have been necessary 
to virtually reduce the FoV on the VR application. However, 
whereas the reduced FoV on the AR system is balanced by 
the user’s FoV of the real world in optical see-through solu-
tions, this is not possible in VR without reproducing both a 
complete virtual environment to mimic the real world, and 
then adding the tabletop storyboarding visualization with 
a limited FoV. Instead, we opted to investigate how differ-
ent standard XR commercially available systems compare 
using the dominant interaction strategies for the given sys-
tem to perform the storyboarding task.

The second limitation is that a tabletop scale has been 
adopted in both applications to mitigate the problems 
related to the narrow FoV of AR devices. The scale factor 
is not an issue in a virtual environment, but very different 
results might be collected if an absolute dimension scale 
was considered in AR. The hardware selected for the VR 
application is not the best on the market in terms of display 
specifications, whereas devices such as the HTC VIVE offer 
better graphical quality despite a more complex setup of 
the working area. However, this choice did not negatively 
affect the test outcomes, as the users clearly preferred the 
VR solution. A better VR device might only lead to greater 
SUS scores or lower NASA-TLX scores.

6  Conclusion and future works

The proposed research investigated and compared two 3D 
tabletop storyboarding applications based on extended real-
ity technologies. A scene-enacting approach with a point-
and-click interaction paradigm has been adopted to define 
the characters’ poses for the storyboard panels. The first 
evaluation was conducted with usability experts to iden-
tify and fix the main usability issues. Then, professional 
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storyboard artists were involved in the user study; they 
appreciated the proposed system and, above all, the possi-
bility to freely explore the scene immersively, with respect 
to traditional tools. Finally, a between-subjects evaluation 
was conducted with students to determine if they preferred 
one of the two proposed solutions, assessing them using the 
SUS and NASA-TLX questionnaires. Experimental results 
clearly indicate that the commercially available virtual real-
ity-based solution outperforms the augmented reality one 
from the usability point of view. Moreover, a lower work-
load is experienced using an input interface based on physi-
cal controllers compared to the gesture-based one.

Future works will be aimed at addressing current limita-
tions. First, it would be relevant to integrate a physical input 
interface, such as hand controllers or finger-tracking gloves, 
and evaluate how much it affects the system’s usability. 
Another development involves overcoming the tabletop 
scale limitation and offering a 1:1 scale environment. In 
the AR scenario, an interesting option will be to use real-
world elements as part of the virtual stage; integrating an 
object-detection and pose-estimation system may lead to a 
novel storyboarding paradigm, and it could partially miti-
gate the problems related to the limited FoV. However, test-
ing this scenario with a passthrough AR HMD such as the 
Meta Quest 3 would also be interesting. This could be less 
impactful in the VR scenario, but it would be interesting to 
replace the Oculus Rift with the HTC Vive Pro, improving 
the freedom of movement for the user in the virtual envi-
ronment and the overall experience’s quality from a graphi-
cal point of view. Finally, the two professional storyboard 
artists suggested implementing railway paths for camera 
movements and a panel showing all the available camera 
shots of the scene concurrently.
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