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a b s t r a c t 

Educational videos are traditional means of communicating scientific findings to a broader audience. 

Nowadays, they are also a very common medium in distant teaching. However, creating videos using the 

existing software tools can be very challenging for inexperienced users. Also, the student’s engagement 

in standard videos is often very limited as the experience and exploration of the presented phenom- 

ena is indirect and far from being interactive. To overcome this, we propose a novel tool, called VRdeo, 

for creating and presenting educational material that utilizes the advantages of virtual reality (VR). Each 

stage of the production is represented by an operating mode, where the user acts in a predefined role. 

VRdeo is a versatile platform that enables tutors to immerse into the virtual scene, explore 3D models 

of scientific data, and record a narrated story where the tutor is an active element, represented by a 

virtual avatar. The recording can be exported as a virtual scene. The observers (e.g., students) can then 

enter such a scene where they can move around and have several options for replaying and interacting 

with the tutor’s story. In cases when the observer cannot use a virtual reality device, VRdeo enables to 

generate a traditional 2D video as well. To evaluate VRdeo, we asked several experts in diverse fields for 

their feedback and conducted a user study with students, which gave us valuable information about its 

usefulness for both creating and consuming the narrated stories. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Science communication forms an intrinsic part of research and 

ducation. Presenting the discoveries to students and the general 

ublic helps to inform about the research progress and its findings, 

ut it also attracts the next generations to be more interested in 

cience. 

Within our long-term collaboration with experts in biochem- 

stry and our numerous discussions, we revealed that they are very 

ften facing problems with presenting their work to students as 

ell as to a broader audience. Mostly, if they want to generate en- 

aging educational material that goes behind simple slideshows of 

tatic images, they have two options. They can learn the basics of 

he existing software tools by themselves, which can be very time- 

onsuming, or hire a scientific illustrator or animator, which is very 

xpensive. 
∗ Corresponding author. 

E-mail address: kozlikova@fi.muni.cz (B. Kozlíková). 
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In this work, we propose the VRdeo tool, which is an alternative 

olution that operates with the engaging factor of the communica- 

ion medium by utilizing the benefits of virtual reality, playing an 

ncreasingly important role in education [1] . Our tool specifically 

argets the asynchronous communication between the narrator of 

he story (teacher, researcher) and the observer (student, general 

udience). The process of creating educational material using our 

Rdeo tool and its resulting outputs can be seen in the supple- 

entary video of this paper. The participants of our user study 

onfirmed that using virtual reality for creating and presenting ed- 

cational content substantially increases the engagement level, as 

he user is fully immersed in the environment and is not distracted 

y the external stimuli. 

Although the idea of recording and replaying a narrative in VR 

s not novel, we see the contributions of our paper in the follow- 

ng: 

• Proposing an intuitive and easy-to-use virtual environment for 

generating and replaying educational material, with the option 

to export the content to the traditional 2D video. 

https://doi.org/10.1016/j.cag.2021.06.009
http://www.ScienceDirect.com
http://www.elsevier.com/locate/cag
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cag.2021.06.009&domain=pdf
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• Conceptualization of the user roles and operation modes, de- 

rived from the requirements of target users. This clear divi- 

sion of individual roles and modes enables to navigate the user 

through different stages of the creation process and support 

each of them with the necessary visual cues, interactions, and 

functions. 
• The option to prepare the scene for the export of the recorded 

story to the traditional 2D video. This is enabled by setting the 

camera trajectory and its parameters. 

VRdeo was evaluated by several researchers from diverse fields 

ho are regularly facing the challenge of creating educational ma- 

erial for their students or for presentation purposes. Additionally, 

e conducted the user study with students to verify the educa- 

ional potential of VRdeo from their point of view as well. These 

tudies and discussion of their outcomes are concluding the paper. 

. Related work 

It is well known that static and dynamic visualizations are play- 

ng an important role in the learning process [2] . With the re- 

ent technological advances, digital storytelling became a power- 

ul tool for teachers [3,4] . Multiple studies, for example, in health- 

are [5] , medical education [6–8] , biochemistry [9] , warfare [10] , 

tatistics [11] , or even cinematography [12] , have demonstrated 

hat animations and videos, in particular, are very efficient when 

t comes to education. It was shown that one of the main factors 

nfluencing the effectiveness of educational videos is student en- 

agement [13] but it is not an easy task to make a compelling 

tory. According to Joe Lambert [14] , a meaningful story can be 

rated in seven steps. While the initial steps are focusing on iden- 

ifying what the story is going to be about, the later steps require 

o ”see” and ”hear” the story to further shape it and set an appro- 

riate tone. However, as pointed out by Lee et al. [15] , producing 

tory material is challenging even for authors skilled in storytelling 

ecause the existing visualization techniques are usually support- 

ng only the exploration of data but do not provide means to make 

 story out of that. And if they do, the support is usually limited to

asic interactions whereas more complex animations and interac- 

ions already require programming skills. Thus, with our paper we 

ould like to fill this gap by allowing the authors to easily draft 

oth visuals and voice narration for their stories so that they can 

tilize them withing the workflow, as defined by Lambert. 

Alongside the compelling story, the technology used for pre- 

entation also plays a substantial role. Here, it was demonstrated 

hat virtual reality (VR) as a medium could be used to elicit emo- 

ions [16] , improve teamwork [17] , and it has a large potential 

or educational purposes [18–20] . Since its introduction, VR has 

volved significantly and the best practices for designing VR ap- 

lications were described, e.g., by Craig et al. [21] . Most of the 

pproaches utilizing VR in education are focusing on collabora- 

ive environments (e.g., [22] ). However, this approach requires syn- 

hronous presence of both teachers and students. In our work, 

e specifically target the asynchronous communication allowing 

o reuse the study materials multiple times. This direction was al- 

eady investigated, for example, by Greenhalgh et al. [23] , who uti- 

ize temporal links that allow recordings of multi-user sessions and 

nserting them into virtual worlds. An interesting approach was 

roposed by Morozov et al. [24] , where the virtual environment 

esembles a classroom. Wang et al. [25] presented a shared en- 

ironment where the users are experiencing the scene from their 

wn perspective and share it with the other participants. In our 

ase, we are not aiming to create an educational space where the 

tudents are sharing their experience, rather to enhance the com- 

unication of the study material to individual students. 
281 
.1. 360-Degree videos 

When preparing narrative stories using virtual reality devices, 

t is possible to use physical cameras capable of capturing so 

alled 360-degree videos together with adequate production soft- 

are, such as Viar360 [26] or CenarioVR [27] . However, these 

ideos are limited by the physical constraints of the real world 

nd may not provide enough expressiveness without expensive 

hysical models. Nevertheless, it is worth mentioning that Spe- 

cher et al. [28] compared several guiding techniques for navi- 

ating the audience through the 360-degree videos. Also, Serrano 

t al. [29] investigated to which extent the traditional video editing 

echniques can be used for the 360-degree videos. 

.2. General modeling tools 

An alternative way for creating educational videos is to use 

 generic-purpose software, such as Autodesk Maya [30] , Cin- 

ma 4D [31] , or Blender [32] . There are even several adapta- 

ions of these tools for specific domains, e.g., Molecular Maya [33] , 

ioBlender [34] , or work by Ghaffar et al. [35] , all targeting molec- 

lar visualization. Alternatively, tools like Illustrate [36] allow pro- 

essional animators to transfer scientific ideas into an engaging 

isual form. However, the limitation of these tools is their steep 

earning curve, which prevents laymen users from fully utiliz- 

ng their capabilities in most practical scenarios. With respect to 

irtual reality, one of the most commonly used frameworks is 

nity [37] . Here, we can list, for example, UnityMol [38] or work 

f Wiebrands et al. [39] . Nevertheless these tools are suited for ex- 

loration of molecular data, but do not offer means to create a nar- 

ated educational story. 

.3. VR-based solutions for content authoring 

Because of the disadvantages of the tools mentioned above, 

here have been several attempts to develop alternatives that 

ould utilize a more natural way of authoring educational videos 

nd virtual scenes. For instance, Cox et al. [40] proposed a CAVE 

ystem that uses a hand-held tracking device and voice commands 

o create and edit virtual camera pathways. Jiang et al. [41] pro- 

osed a method that enables automatic extraction of camera char- 

cteristics from real video clips and applying similar settings to 

omputer animation. While these systems enable intuitive camera 

peration, they do not provide any means to author the scene that 

s being recorded by the camera. 

In this respect, Nebeling et al. presented two examples enabling 

o create VR scenes from paper prototypes [42] or 3D physical ob- 

ects [43] . While these tools are intuitive, they are not suitable for 

reating dynamic content that is needed for videos. To this end, 

eld et al. [44] suggested using physical objects captured by the 

inect device to create 3D animations. However, this approach is 

ot suitable for animating more complex objects, such as charac- 

ers. Jung et al. [45] proposed a technique for authoring animations 

ia imitation learning. In this approach, the user acts as a teacher 

ho performs an action in the virtual reality, which is then learned 

nd imitated by the virtual avatar in order to create more generic 

nimations. 

In the context of education, the users movements within a VR 

cene are typically recorded to enable manual (e.g., [46,47] ) or 

utomatic (e.g., [48] ) post-evaluation of the participant’s behav- 

or. Several tools, such as VRcapture [49] , also enable to record 

he view of a user within the VR. However, these tools only 

ecord the scene from the original user perspective. Thus, it is 

mpossible to reenter the recorded story to observe it from dif- 

erent angles or interact directly with the objects within it. To 

mprove the realism when capturing the user in the VR scene, 
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rueh et al. [50] developed a technique that enables replacing the 

ead-mounted display with a prerecorded face. Finally, Greenhalgh 

t al. [51] demonstrated that the whole scene can be recorded and 

ater replayed. The proposed solution was used to create an edi- 

or for post-production of VR recordings. However, this editor was 

mplemented as a 2D desktop application, omitting the advantages 

rovided by the VR. 

Perhaps the two most relevant tools to our approach are Mind- 

how [52] and Tvori [53] . Mindshow is an application showcasing 

he ability of VR to quickly create 3D scenes and animate charac- 

ers inside them. The tool enables to record the scene from a vir- 

ual camera that is operated intuitively using the hand controllers. 

nfortunately, Mindshow does not support more sophisticated in- 

eractions with the environment itself that are required for author- 

ng educational videos, e.g., animations of the objects in the scene 

r highlighting their parts when being in the focus of the story. On 

he other hand, Tvori provides a variety of low-level tools for au- 

horing videos, e.g., creating a scene including lighting from scratch 

nside the VR, or animating the objects and camera both manually 

n real-time or using keyframing. However, it is getting too com- 

lex for the purposes of preparing educational materials by laymen 

nd suffers from similar disadvantages as common desktop appli- 

ations for digital modeling and animation. Additionally, the users 

an control the avatar in a puppet-like manner but they cannot 

mpersonate it directly as in Mindshow, which makes creating the 

haracter animation less natural. Another limitation of Tvori is that 

hen reentering the recorded VR scene, the user cannot further in- 

eract with the objects, which hinders the learning experience. 

. Initial requirements and task analysis 

Within the numerous informal and later more structured dis- 

ussions with our collaborators in biochemistry, we detected and 

teratively refined the following set of specific requirements for an 

pplication that aims to support their needs when preparing edu- 

ational and presentation material. 

• R1: The communication of the content should be asynchronous, 

not requiring the simultaneous presence of the tutor (story nar- 

rator) and students. 
• R2: The whole environment should be easy to control and in- 

tuitive to use. 
• R3: The tutor’s avatar, including its position and gestures, 

should be captured in the scene so the students can easily con- 

nect the voice recording with the tutor’s actions in the scene. 
• R4: There should be an option to quickly check the already 

recorded material directly in the VR environment. 
• R5: The narrator should be visually informed when recording 

and when replaying the content. 
• R6: Students replaying the recorded story in VR should have 

the option to pause it anytime and explore the objects in the 

scene in detail by manipulating them. 
• R7: The tool should also support an option to produce the tradi- 

tional 2D video output for students without the VR equipment. 

From these initial requirements and thorough analysis of the 

xisting solutions, we extracted three most pressing tasks that are 

ot addressed sufficiently by the currently available tools: 

• T1: To overcome limited intuitiveness of the existing user en- 

vironments, containing a complex user interface and lacking 

clear distinction between functions that are available for differ- 

ent user roles. 
• T2: To add the tutor’s avatar to the video, who would be point- 

ing to and interacting with the objects in the scene, when ex- 

plaining a given phenomenon. This option mimics the actual 

presence of the tutor in the classroom when students are lis- 

tening to and watching tutor’s explanation. 
282 
• T3: To add an option for generating a 2D video of the story, that 

requires an intuitive camera trajectory setting directly in the VR 

environment. 

This analysis of requirements and main tasks led to the design 

f the basic concept of the VRdeo tool, which is derived from users 

i.e., their roles) and their actions (i.e., functions that are available 

or user in a given role). 

. User roles 

In accordance with task T1, we identified three main groups of 

sers that need to be supported by our proposed tool. The first 

roup consists of narrators (e.g., tutors) who are generating the 

ontent and capturing the virtual scene. The second group consists 

f observers who are consuming the final product (e.g., students). 

he third group consists of users who are preparing the export to 

D video for observers without access to virtual devices. We refer 

o them as camera operators . Although this role still belongs to 

he story preparation phase, thus could be merged with the narra- 

or role, we are intentionally separating it as it can be performed 

y another person than the tutor. 

.1. Narrators 

Narrators are the authors of the story narrative and those who 

re preparing the objects in the scene for the actual storytelling. 

f course, the preparation of 3D objects for the story is a sub- 

tantial part of the whole process, which cannot be ignored. How- 

ver, as there are already many complex 3D modeling tools avail- 

ble, as well as many freely downloadable existing 3D models, we 

re not aiming to target this in VRdeo. We are assuming that the 

arrator has the necessary 3D object for the story already pre- 

ared before entering VRdeo. After loading the objects, the narra- 

ors need the ability to easily manipulate them (R2). This involves, 

or example, moving objects that are far away or come closer to 

hem without walking the actual distances as the VR scene may 

e larger than the physical narrator’s room. All gestures and ac- 

ions of the narrator within the actual storytelling should be easily 

ecorded and stored as a virtual scene. Therefore, the narrator is 

ecoming an inherent part of the story, represented by a virtual 

vatar (in line with task T2 and requirement R3). The narrators 

hould view the scene from the first-person perspective to make 

he story recording intuitive. However, in the final scene, the nar- 

ator’s avatar should be captured from the third-person perspective 

o the observers can see all captured gestures. To provide the nar- 

ators with a fully immersive experience, we need to support voice 

ecording while generating the story. 

.2. Observers 

Observers are the final consumers of the narrated story. They 

an replay the recorded virtual scene and pause it at anytime 

o explore the presented phenomena from different angles with- 

ut being limited by the predefined camera position as in 2D 

ideos (R6). This exploration should also include the option to 

reely manipulate the objects in the scene to better perceive their 

tructure. This is particularly important for an object with com- 

lex spatial structure and organization (e.g., molecules, anatomical 

odels of body parts, car engine models, etc.). When resuming the 

layback, the objects should return back to their current positions 

n the recorded story so the connection between the narrator and 

he objects is preserved for the rest of the story. 
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.3. Camera operators 

As we also need to consider the option that not every observer 

as access to a virtual device yet, our solution should support the 

ossibility to export the virtual scene to a standard 2D video for- 

at (task T3 and requirement R7). For this, we define the role of 

amera operator. Here the crucial factor is the easiness of setting 

he camera viewport and its trajectory (R2). While in the profes- 

ional video production tools the users are able to modify the de- 

ailed camera settings (e.g., field of view, zoom, aperture, etc.), the 

nterviews with our collaborators revealed that scientists do not 

ate this as important and rather prefer a simple an intuitive so- 

ution over more robust one, requiring experience with such set- 

ings. The solution should ideally mimic the real-life camera move- 

ent techniques (e.g., handheld movement on camera stabilizer or 

 crane shot). Additionally, the camera operator should be able to 

mmediately see the preview of the video (R4), ideally while still 

eing in the virtual scene and without the necessity to export the 

ctual 2D video. 

. User’s operation modes and interface 

The required user’s actions fall into two categories: actions that 

re common for the whole tool, such as the movements within the 

cene or manipulation with objects, and actions specific for each of 

he user roles. To better distinguish between these role-based ac- 

ions, we are proposing three operation modes that correspond to 

he individual user’s roles. The user switches between these modes 

sing a hand menu (see Section 5.2 ) and the corresponding roles 

re set automatically. 

.1. Operation modes 

The initial mode, when the user (narrator) enters an empty vir- 

ual scene and starts to load the 3D objects, is denoted as the 

reative mode (see Section 6.1 ). This mode supports the narrator 

ith the set of functions and actions that are necessary for the 

reparation of the scene and recording the story. While recording, 

he tool should capture all user’s actions (movements, gestures, 

tc.), including voice. The narrator should be represented by an 

vatar model that becomes an active visible element in the scene 

R3). 

After the story is recorded, the narrator can switch to the sec- 

nd mode, called the Replay mode (see Section 6.2 ). In this mode, 

he user is automatically becoming an observer. In this role, the 

ser can watch the recorded story in VR. This mode should pro- 

ide the user with a list of all recordings, the option to replay each 

f them (R4), and export them as an interactive VR scene (R1). The 

ame mode is also used for students who are entering the environ- 

ent directly as observers. This is deliberate as the narrator wants 

o see the recorded material exactly in the same way as the in- 

ended observers. 

The third available mode, the Video mode (see Section 6.3 ), 

erves for the situations when the users want to export the 

ecorded story as a standard 2D video (R7). This mode thus corre- 

ponds to the camera operator role. Here the crucial functionality 

s the setting of camera trajectory for the final export. The cam- 

ra operator should be able to define camera waypoints through 

hich the trajectory should pass. Via these waypoints, the cam- 

ra operator should be able to define the camera orientation, the 

hape of the trajectory, and the timing of the camera movement 

etween individual trajectory segments. The final 2D video should 

e exported ideally only once when the camera operator is satis- 

ed with the result seen in the preview. 
283 
.2. User interface 

In this section, we discuss more details about the proposed 

Rdeo user interface. When designing the control panels for user 

nteractions in VR, we opted for the hand menu attached to the 

irtual left hand of the user (see Fig. 1 ). The hand menu is posi-

ioned in a place where a wristwatch would be in reality. This way 

he users can conveniently reach the control panel whenever nec- 

ssary. Users can use a ray radiating from the other hand controller 

o interact with the hand menu elements or objects in the scene. 

his ray is visualized as a laser pointer (see Fig. 2 ). 

The interface is divided into sections mirroring the proposed 

ser modes (T1). The first section is used for controlling the Cre- 

tive mode (see Fig. 1 ). Here the panel contains a list of objects 

hat can be loaded or unloaded at anytime. The user can also 

ontrol the scene recording, as well as the initial setting of the 

cene (highlighting and setting the scene light direction). When 

witching to the Replay mode, the user is presented with the 

ist of all scene recordings and with an option to import or ex- 

ort recordings (see Fig. 3 ). Here the user has all standard but- 

ons for playback of the currently selected recording (R4). The 

ast section supports the Video mode, where the user can also 

ontrol the playback. The video preview here takes a large por- 

ion (R4) of the hand menu (see Fig. 5 ). The user can export 

he final 2D video. Apart from the hand menu there are also 

ontextual menus on the camera trajectory control points in the 

ideo mode, enabling the user to remove a control point or 

hange its timing to match the currently selected time in the 

imeline. 

. VRdeo design and implementation 

The main goal of this chapter is to provide the readers with 

 detailed description of the design of the proposed individual 

odes of VRdeo, along with their supported functionality and in- 

eraction options. The tool itself was implemented in the Unity 

ame engine [37] which is currently one of the most widely 

sed platforms for developing VR content. The application uti- 

izes the OpenVR API to abstract from the specific VR hardware. 

he tool should work with most currently available headsets, 

uch as HTC Vive and Oculus Rift, out of the box with SteamVR 

nstalled. 

In the design we mirrored the crucial requirements that were 

tressed by our collaborators, with whom we were discussing the 

nitial design and its iterations. These most significant require- 

ents were the simplicity and intuitiveness of the proposed tool 

requirement R2 and task T1), as complexity is the biggest ob- 

tacle of the existing solutions. Another issue for them was that 

lthough there are several applications in collaborative environ- 

ents, a proper support for asynchronous communication of the 

tudy material is not well established and thoroughly addressed in 

he existing solutions. Therefore, our collaborators requested to fo- 

us on a systematic solution for creating reusable educational ma- 

erial (R1). 

In the following, we will describe how we designed and imple- 

ented the individual proposed operation modes. 

.1. Creative mode 

This mode aims to allow the user to prepare the scene con- 

ent and its arrangement, and then record the narrated story. After 

ntering the scene, the user becomes a narrator, seeing the scene 

rom the first-person point of view. As our tool is designed primar- 

ly for head-mounted VR displays, this view is natural for the user. 

he user can interact with the scene using two hand controllers, 
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Fig. 1. Hand menu with the list of available objects for loading to VRdeo in the Creative mode. Recording of the narrated story is launched by choosing the red circle and 

indicated by the color change of stairs in the scene to red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Fig. 2. User’s avatar, pointing towards a part of the loaded scene with a laser pointer and highlighting the part of the object being explained in the story. 
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epresented in the scene by models of a virtual hand and a con- 

roller (see Fig. 2 ). The scene itself is very minimalist (consisting 

f a floor and stairs bordering the working area) to avoid distract- 

ng the narrator from the uploaded objects in focus. The stairs have 

n important function in the scene, as their color signifies the ac- 

ion the user is currently performing. The default color of the stairs 

s grey. When the narrator is recording the scene, the color of the 
284 
tairs turns red so the user is aware of the recording. This fulfills 

he requirement R5. 

The actions of the user are mapped to the virtual avatar, who 

s an active element in the story helping to guide observers atten- 

ion (R3, T2). This way, the user becomes the actor in the scene 

nd can support the explanation of a given phenomenon by point- 

ng to the parts of the object of interest (see Fig. 2 ). In VRdeo, we
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Fig. 3. In the Replay mode, the user can choose a scene to explore from the list. The menu offers the standard play, pause, and stop controls as well as slider for fast 

scrolling in the video. 

Fig. 4. Scene camera on its way between two waypoints, represented by ghost cameras 3 and 4. Each ghost camera bears its number denoting the ordering of waypoints 

along the trajectory, the time when the camera reaches this waypoint, and small screen preview showing the captured 2D video frame in this particular time. The camera 

trajectory is modeled using the Bzier curve. The yellow spheres allow to change the weights of the curve control points. The blue arrows on the trajectory indicate the 

direction of camera movement. The density of the arrows encodes the movement speed in the particular curve segment. (For interpretation of the references to colour in 

this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Large preview screen on the right and hand menu for the Video mode on the left. The hand menu contains controls for replaying the selected story, slider for fast 

jumps in the preview, small preview screen, and button for exporting the 2D video. 

285 
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re currently using a simple avatar model to which we map only 

he position and rotation of both hand controllers and the headset. 

uch a setup provides us with all required functionality but it also 

uts the emphasis on the explained model instead of an overly de- 

ailed avatar. While it would be technically possible to replace our 

vatar by any skeleton-based model of the user [52] , it would also 

equire more expensive hardware setup (e.g., full-body motion cap- 

ure) to achieve appealing results. 

.1.1. Supported interactions 

The Creative mode is offering the following functionality and 

nteraction options. Most of these operations are then supported in 

he initial phase, preparation of the scene with objects, and during 

he actual recording of the material. 

Object loading As already mentioned, VRdeo does not aim to 

erve as a 3D modeling tool and thus before entering the VR 

cene, the user has to upload the FBX or OBJ files with the re-

uired models to a dedicated folder. The content of this folder is 

hen displayed on the menu, attached to the hand controller (see 

ig. 1 ). This enables the narrator to load and remove objects from 

he scene at any point in the preparation stage and during the 

ecording. 

Object manipulation The loaded objects are scalable and the nar- 

ator can easily change their position and rotation (R2). These op- 

rations are supported by using buttons on the controllers. The 

ser can further interact with the objects using the ray mentioned 

n Section 5.2 . Some of the actions (such as rotation) are mapped 

o physical movement in space, other actions (such as pulling the 

bject from a far distance) are achieved by using a VIVE controller 

ouchpad or an Oculus Touch joystick. 

Highlighting The narrator can support the explanation of the 

tory by pointing towards interesting parts of the loaded models 

ith a laser pointer that is projected from the hand controller. To 

mphasize the region of interest even more, the narrator can uti- 

ize the highlight feature, where a part of the model is highlighted 

y a different color ( Fig. 2 ). To use this option, the models have

o be prepared in advance for that, i.e., separated into individual 

eshes before the object loading phase. VRdeo then automatically 

etects models with multiple separated meshes and uses this in- 

ormation to create selection groups that can be highlighted dur- 

ng the recording. Such highlighting is realized by changing the 

olor of the selection. In the current version of VRdeo, we support 

nly basic highlighting using a single color, however, more elabo- 

ate highlighting functions are planned for the future extensions. 

Teleportation To enable spanning larger distances without intro- 

ucing motion sickness, VRdeo provides users with teleport func- 

ionality. A ray with a location marker on its end appears when 

he user presses a designated button. After releasing the button, 

he user is instantly transferred to the selected spot. The teleport 

ption is disabled during recording to avoid sudden jumps of the 

vatar in the final recorded scene. The avatar can then better guide 

he observers’ attention. 

.1.2. Virtual scene recording 

Another crucial function of the Creative mode is that here the 

arrator can record the animation of the whole virtual scene which 

an be then watched from the third-person perspective. All objects 

n the scene, including the user’s avatar, are stored along with their 

ositions, orientations, and other properties (e.g., highlighting). The 

ool also provides the narrator with the option to record the voice 

irectly within the session in the VR scene. 

The recording functionality is accessible through the hand 

enu (see Fig. 1 ). Here the user can start the recording of the

cene. Starting and stopping of the recording is also mapped to the 

ardware buttons of the controllers for user’s convenience. As al- 

eady mentioned, the user is notified about scene recording by the 
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isual cue in the form of changing the color of stairs to red (see 

ig. 1 ). 

.2. Replay mode 

This mode serves both narrators, who want to check their 

ecorded story, and observers as the final consumers, for viewing 

he VR stories previously recorded in the Creative mode (R4). This 

ode supports the same teleportation and object manipulation in- 

eractions as the Creative mode. By default, the last recorded story 

s loaded but the user can select a different one from the list of 

vailable stories displayed on the hand menu (see Fig. 3 ). When 

he story is selected, the scene objects and their arrangements are 

oaded and the user can start the playback. The playback is con- 

rolled via the hand menu which is equipped with standard con- 

rol buttons for replaying a video, along with a slider for fast jump- 

ng to different time frames. The playback can be paused anytime 

nd then resumed again (R6). To quickly distinguish between these 

wo modes (play and pause), we use the same visual cue as in the 

ase of recording – if the previously recorded story is played, the 

tairs in the scene become yellow and if the playback is paused, 

he stairs become blue (R5). 

In the Replay mode, the user can freely move in the scene and 

iew the story from different angles. Additionally, when the play- 

ack is paused, the user can directly interact with objects in the 

cene, moving and rotating them. This is advantageous when the 

ser wants, for example, to observe the objects of interest more 

losely and view them from different angles (R6). However, as 

ome of these actions (such as changing the position of the ob- 

ect in focus) can impact the original story when played again, the 

ew positions are not stored. So when the animation is resumed, 

hese changes are discarded. In the future, we want to investigate 

hich actions are feasible for storing and changing the original 

tory without having a negative effect. 

In the case of narrators, the Replay mode serves primarily for 

anaging the already recorded stories as they can utilize this 

ode for replaying (R4) and exporting the recorded scenes (R7). 

ithin the export, we are storing all the objects from the scene 

dentified by a unique identifier through which we link each ob- 

ect with all its metadata, such as its position, required for recon- 

tructing the scene. In the exported file, this metadata is saved in 

he JSON format, allowing easy serialization and de-serialization. 

he audio is exported in WAV format. Both files are compressed 

ogether into one ZIP file. 

.3. Video mode 

This mode serves for cases when it is required to export the 

ontent for an observer who does not have the option to utilize the 

irtual headset to explore the recorded story in VR (R7, T3). Here, 

dditional preparations are necessary before the scene can be ex- 

orted as a standard 2D video. Namely, we need the trajectory of a 

irtual camera that mediates the viewpoint onto the scene in the 

esulting 2D video. In this mode, the user, now in the role of cam- 

ra operator, can access additional items in the scene, i.e., scene 

amera, camera waypoints, camera trajectory, and preview 

creens. 

Scene Camera Apart from the invisible camera that provides the 

rst-person view for the head-mounted display, the environment 

ontains a second camera (denoted as scene camera). It captures 

he scene from the viewpoint of the output 2D video (see Fig. 4 ).

hile the users cannot directly interact with the scene camera, 

aving its representation visible as a dedicated object helps to con- 

ect the camera position with the preview depicted in the preview 

creens. 
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Camera Trajectory The user has to specify waypoints (keyframes) 

hich define the trajectory followed by the scene camera in the 

utput video. The placement of waypoints is simple and intuitive, 

riggered by pressing a designated button on the hand controller. 

he tentative waypoint appears at the tip of the controller and 

an be easily moved around by moving the hand controller. The 

review of the scene captured by the scene camera in the way- 

oint can be observed on a small screen attached to the waypoint. 

nce the user is satisfied with the placement, the new waypoint is 

reated after releasing the button. The user can position as many 

aypoints as necessary. Each of them is marked in the scene by a 

host camera, so the user can anytime modify their position and 

rientation. 

The first two waypoints that the user places in the scene are 

efining the start and end position of the camera trajectory. Ad- 

itional waypoints can then be added to reshape the trajectory. 

ach new waypoint is added to the position along the trajectory 

hat corresponds to the current frame. The user can move between 

rames using the same playback controls as in the Replay mode 

see Fig. 3 ). Note that it is possible to place two waypoints such 

hat they share the same frame. Their order in the trajectory is de- 

ned by the order of their placement and denoted by the index 

hown on the camera. This way, the camera operator can create a 

ard cut in the video. 

In case when the user wants to move any particular waypoint 

n time, by pressing the ”change time” button on the ghost camera 

he waypoint will be snapped to the currently active frame (keep- 

ng its spatial location). The trajectory between waypoints is auto- 

atically generated as a linear interpolation along a Bzier curve. 

he shape of this curve can be adjusted by changing the position 

f the control points (see Fig. 4 ). The trajectory itself is visualized 

sing small arrows that are depicting the direction of the scene 

amera movement, as well as the camera speed. The arrows are 

laced uniformly across time, i.e., the segments with sparser ar- 

ows correspond to faster camera movement and vice versa. 

Preview Displays In the Video mode, there are three types of 

review displays available to the user. The first type was already 

entioned – these are the small screens that are attached to way- 

oints and they are showing the scene from that particular way- 

oints. The preview screen attached to the waypoint is always fac- 

ng the camera operator. The second type is a projection screen 

hat is added automatically in the Video mode and can be freely 

ositioned anywhere in the scene (see Fig. 5 ). This screen shows 

he preview from the scene camera in the currently selected frame 

i.e., from the interpolated position along the trajectory). The same 

review is also shown in the third type of the preview screen that 

s attached to the hand menu. This one is convenient especially 

hen selecting the active frame using the slider in the hand menu. 

The camera operator can also simply playback the recorded 

tory in the scene and observe the movement of the scene camera 

bject along the defined trajectory, and at the same time also ob- 

erve the view from the scene camera on the preview displays. In 

his way, the VRdeo tool allows previewing the camera movement 

n real-time without the necessity to actually export the video 

R4). 

.3.1. Video exporting 

When the camera operator is satisfied with the virtual camera 

rrangement, the 2D video can be finally exported. This is done by 

licking on the export button on the hand menu (see Fig. 5 ). Each

rame is exported to the hard drive as a PNG image. These files are

hen connected together with the exported audio to the resulting 

P4 video format using FFmpeg [54] . Note that also the raw cam- 

ra trajectory is exported as part of the virtual scene described in 

ection 6.2 . This option is advantageous in cases when the trajec- 

ory is meant to be still adjusted if necessary. 
287 
. Case studies 

The primary motivation for developing VRdeo was driven by 

ur collaborating experts in biochemistry and medicine, but the 

ool can be used in diverse disciplines. Therefore, within the eval- 

ation of the suitability of VRdeo and how it succeeded in meeting 

he user’s requirements, we conducted individual sessions with six 

xperts from diverse research fields – biochemistry, medicine, ge- 

graphy, anthropology, psychology, and archaeology. In this section, 

e give a detailed description of two exemplary sessions from the 

elds of biochemistry and medicine. In both cases, the session it- 

elf took up to one hour. 

Both experts in these studies are junior researchers in their 

elds, but already with significant teaching experience. This turned 

ut to be very beneficial as they have experience in preparing ed- 

cational materials for students, while being still students of some 

pecialized courses as well. Therefore, their two-side view on the 

roblem was very insightful. Here we describe the evaluation pro- 

ess and their experience from the testing of the tool. 

Prior to the session, the experts were asked to prepare the story 

hey would like to communicate using VRdeo, along with the nec- 

ssary 3D models of objects. Prior to the testing, we loaded these 

odels to a dedicated folder in VRdeo. As their stories were based 

n data that is publicly available, this model preparation did not 

equire any substantial effort, only minor color modifications. 

.1. Biochemical case 

The first scene was prepared by our long-term collaborator 

rom the protein engineering group. He was one of the origina- 

ors of the idea and along with the whole group, he was partic- 

pating in the design and iterative testing of functionality within 

he implementation phase. As this expert was tightly involved in 

ll stages, he is also one of the co-authors of this paper. Although 

ne can argue that this evaluation was not independent, we highly 

alued his feedback as he could comment on how we managed to 

ulfill the initial requirements and expectations. 

In his story, he opted for a very timely problem of understand- 

ng the function of the SARS-CoV-2 virus that caused the COVID-19 

andemic. The story is based on the structure of the SARS-CoV- 

 spike protein, which is of utmost importance for the immunity 

gainst the virus. The PDB files used in the story were recently up- 

oaded to the Protein Data Bank [55] under the following 4-letter 

dentifiers: 6VXX, 6VYB, 6M17. 

The expert, now in the role of the narrator in the Creative 

ode, started with the preparation of the scene. As he was plan- 

ing to give an overview of the whole protein and then explain its 

arious features (e.g., show individual protein domains), the model 

as prepared as a set of separate objects with required color cod- 

ng. The expert loaded all these models to the scene and posi- 

ioned them in the desired way, so he can just quickly switch 

etween them during the recording. This phase took approxi- 

ately 5 minutes, without counting the time for the preparation of 

odels. 

During the preparation stage, the expert noted that he would 

ppreciate the ability to prepare some textual notes beforehand 

hat could be displayed inside the virtual reality but not included 

n the final scene recording. Such notes would help him dur- 

ng the recording as the reminder of the narrative, e.g., list of 

olecules he planned to showcase or the actions he wanted to 

erform. 

The expert was then ready for the recording. He first recorded 

nly a smaller portion of the story as a test and then switched 

o the Replay mode to see his performance. He jumped back and 

orth between the Creative and Replay mode a couple of times un- 

il he was satisfied with the recording of the whole story. He found 
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his procedure extremely handy and easy to use, and also stressed 

he engaging factor that helped him to keep focused all the time 

R2, T1). He commented that the change of color of stairs, signi- 

ying the recording, was very helpful and, at the same time, not 

istracting (R5). This phase took approximately 30 minutes. It is 

orth mentioning that this phase could be even shorter, as the 

xcitement from the environment still played a significant role in 

his testing and the expert spent a substantial portion of this time 

y exploring available options. 

Next, we asked the expert to prepare the 2D video version of 

is story (R7). For that, he switched to the Video mode where he 

as required to set and adjust the scene camera and its trajectory. 

e wanted to create a shoot where he can explain the molecu- 

ar structure while pointing to its parts. He started to position the 

cene camera in such a way that it had the best, unoccluded view 

nto the molecule, but at the same time it was capturing his avatar 

R3). By positioning several waypoints, he generated the camera 

rajectory and within its adjustment, he repeatedly tested the out- 

ut 2D video using the preview screen attached to his hand (R4). 

n the later phases of this procedure, he started to use more often 

he big preview screen located in the scene. The whole phase of 

djusting the camera trajectory for the whole video took the ex- 

ert approximately 20 minutes. Again, this phase could be shorter 

hen the expert would skip the minor tweaking of the trajectory 

r when he is already familiarized with the tool. 

During this period, the expert commented that the main bene- 

t he sees is that the preview is immediately available and he does 

ot have to wait for rendering the preview to spot the problematic 

arts (R4). After the shooting, the expert also noted that creating 

 similarly complex 2D video in PyMOL [56] , which is a commonly 

sed tool for that in their domain, would require compiling a script 

onsisting of many complex commands. He also stated that creat- 

ng such a script would require ”much more time” than he needed 

or adjusting the camera in VRdeo. Another interesting comment 

as that using our system was intuitive for him as it resembles 

nteractions in the real world (R2, T1). He was able to start mak- 

ng the story as well as the 2D video immediately, without any 

ignificant prior time needed to get accustomed to the system. He 

id not require any previous knowledge about keyframing, setting 

ramerate, and other video recording-related terms. He particularly 

ppreciated that he could adjust the camera multiple times until 

e was satisfied with the output and the important details from 

he scene were shown well in the video. This was enabled by cre- 

ting and storing the whole virtual scene with the narrated story 

ndependently from the final camera trajectory. This way, the sci- 

ntist could repeatedly replay the story and adjust the camera po- 

ition afterwards. In the end, he concluded that the playfulness of 

he whole process is another important factor that, in his opinion, 

lays a substantial role in keeping the focus. 

.2. Medical case 

As the second exemplary study, we selected a case when the 

arrative and recording were made by the medical expert. Since 

he was a newcomer to the virtual world, it was also worth focus- 

ng on her learning curve. The initial concerns were surmounted 

ery quickly. After an approximately 10-minutes-long introduction 

o VR and VRdeo, she was able to use all features of VRdeo on her

wn. Later she commented on that and appreciated the intuitive 

nd simple design of the tool (R2, T1). 

For her story, she selected the model of the human spine. After 

oading the model, she immediately started to prepare the narra- 

ive. First, she focused on positioning the model to a desired posi- 

ion in the scene. Then she tested the option to highlight parts of 

he spine that she was planning to talk about. This phase also took 

bout 10 minutes. 
288 
Here she commented that she would appreciate if the user 

ould be able to choose the color used for highlighting and also 

he option to select more objects at once in a more intuitive way. 

n the other hand, she appreciated the option to keep selected ob- 

ects highlighted. She noted that it gives the observer a reference 

o important parts throughout the whole story. 

When ready, she followed the same procedure as the protein 

ngineering expert and iterated several times between the record- 

ng and replaying process until being satisfied with the result. In 

er case, this phase took approximately 15 minutes. 

Then she was given the same task, i.e., to prepare the export 

o 2D video. She started to define the initial scene camera trajec- 

ory and after several iterations, she managed to adjust the trajec- 

ory according to the replay of the previously stored virtual scene. 

he also highly appreciated the option to preview the resulting 2D 

ideo on the screen attached to the hand, as well as on the big pre-

iew screen (R4). This part of the testing took her approximately 

0 minutes. 

The whole session with the expert took about 45 minutes. 

owever, it should be mentioned that in the corresponding ex- 

orted video, available in the supplementary material, the cam- 

ra trajectory was slightly adjusted by us after the session as we 

anted to stress the objects of interest by zooming on them. This 

dditional post-processing took another 15 minutes and evidences 

hat the 2D video can be easily and quickly adjusted later by an- 

ther person. 

After the session, the expert commented mostly on how she 

nvisions the potential usage of VRdeo in the practical educa- 

ion of medical students. She confirmed that, especially in this 

omain, teachers are using 3D models to enhance the under- 

tanding, which is impossible to get using 2D representations. 

he was impressed by the fact that she could explore desired 

arts of the model in great detail while still keeping the con- 

ext. This is of utmost importance in medicine, but at the same 

ime very hard to reach in real world (using high-detailed phys- 

cal models or real bodies in pathology or anatomy). This com- 

ent inspired us for the idea for future extension of VRdeo where 

e could let the users load arbitrary volumetric data and sup- 

ort the manipulation with its visibility by changing the transfer 

unction. This would enhance the perception of the context even 

ore. 

.3. Other domains 

Except for the feedback from the two experts detailed above, 

e also questioned four additional senior researchers from the 

elds of anthropology, archaeology, psychology, and geography. 

ach of them had tried VRdeo for the first time and after that, 

ommented on the tool from the narrator’s point of view. These 

essions were not following any unified scenario and were con- 

ucted in a similar manner as the biochemical and medical case. 

e were adjusting them according to the questions and needs of 

ndividual researchers (most of them having previous experience 

ith VR). The feedback was very similar and positive. All experts 

tated that our solution would be very beneficial in the courses 

hey are currently teaching and it has a high potential to improve 

heir quality and acceptance by students. According to them, it 

ould have a substantial impact, for example, explaining the de- 

ails of archaeological discoveries in the context of their location 

n a map, revising the trajectory of paragliding flight within the 

raining, in teaching languages, or observing the temporal evolu- 

ion of natural phenomena, such as the tectonic activity. To reach 

etter precision, some experts stated that they would, despite our 

riginal assumption, appreciate a more realistic avatar represen- 

ation, which we will reconsider in planned future extensions of 

Rdeo. 
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. User study 

To test and assess the usefulness of VRdeo from the perspec- 

ive of an observer, we additionally conducted the following user 

tudy. Here we formulated two hypotheses: (H.1) The VRdeo tool 

ill be easy to use and more engaging for the users than stan- 

ard 2D videos. (H.2) VR environment will have a positive effect 

n the learning process. To confirm or deny these hypotheses, we 

uestioned 17 students from different study fields. Most of them 

ere university students, but there was also one high-school stu- 

ent and two high-school graduates who did not go to university. 

he age span was between 18 and 28, and the group consisted of 

 women and 12 men. Six of the participants stated they wear 

lasses or contact lenses. Regarding VR, 16 students stated that 

hey had none or very minimal experience with it. Only one per- 

on stated using VR frequently. No compensation was provided for 

articipating in our study. 

Each session took approximately one hour and it consisted of 

hree phases. The first phase was a tutorial ( ∼10 minutes) where 

he participants familiarized themselves with the VR headset, hand 

ontrollers, and the application. We used HTC Vive Pro-headset 

ith two Vive Controllers (wands) for the interaction during test- 

ng and two base stations for tracking. The built-in headphones 

ere used to play the sound of the recordings. The second phase 

 ∼25 minutes) was the actual testing, which consisted of the fol- 

owing steps: 

• The first step was to watch the educational material which 

was produced by one of the experts. Half of the participants 

watched the exported 2D video on a computer screen and the 

other half was presented with the recorded VR scene. The task 

for the participants was to pay attention and try to understand 

the topic. The material was ∼7 minutes long and contained 

the narrated story about the SARS-CoV-2 spike protein. Before 

watching, the participants were informed about the subsequent 

knowledge test. 
• In the second step, the participants took a multiple-choice 

knowledge test assessing the information takeaway ( ∼10 min- 

utes). 
• The third step of this phase was to watch the other medium 

for comparison, i.e., those who conducted the first step using 

the VR scene, were now presented with the 2D video, and vice 

versa. 

The third phase was the post-questionnaire ( ∼25 minutes), 

here the participants were asked to give us more information 

bout their experience within the testing. Its aim was to confirm 

r disprove hypothesis H.1. It consisted of seven sections: 

i) the standardized System Usability Scale (SUS) [57] , 

ii) iGroup Presence Questionnaire (IPQ) [58] , 

ii) intuitiveness, 

v) usability, 

v) comparison of 2D video and VRdeo material, 

i) open-ended feedback and suggestions, 

ii) basic information about the participants. 

The users were provided with all necessary hardware for the 

esting and filling of the electronic questionnaires and forms. The 

hree phases happened without any pauses or interruptions in one 

oom. The questionnaire and the knowledge test are attached in 

he Supplementary material. In the following, we will summarize 

he main outcomes of this phase. 

The results of the SUS test showed a score of 80.9. A SUS score 

bove 68 would be considered above average, and a score above 

0.8 is marked as A (the top 10% of scores) [59] . In this sense,

Rdeo showed excellent results. The iGroup Presence Question- 

aire evaluation is divided into four parts: Presence (PRES), Spatial 
289 
resence (SP), Involvement (INV), and Experienced Realism (REAL). 

he score ranges from 0 (being the worst), to 6 (being the best) on 

ikert scale. The PRES and SP scores reached the mean values of 

.9 and 4.0 respectively. This shows that the user’s sense of gen- 

ral and physical presence in the virtual reality was high. The INV 

arameter, measuring the attention devoted to the virtual scene 

nd the experienced involvement, reached the score 3.6. The REAL 

easure, focusing on the subjective experience of realism in the 

irtual reality, got the average value of 2.4, which was expected as 

he realism was not the main focus of VRdeo. 

Fig. 6 shows answers from the comparison and usability sec- 

ions. The feedback was positive, as most of the users expressed 

he willingness to use VRdeo as a student. The results also show 

hat the attractiveness of virtual reality was higher than that one 

f the 2D video, because the users felt more involved and that 

he narrator was speaking directly to them. Fig. 7 shows the feed- 

ack regarding the intuitiveness of VRdeo. Most of the participants 

greed that the controls are intuitive despite their minimal previ- 

us experience with VR. Both graphs show the answers of all 17 

articipants on the scale from 1 to 5 (with 5 being the best op- 

ion). 

All participants stated that the story in virtual reality was more 

un to watch and it was more attractive than the 2D video. While 

0 out of 17 participants would use virtual reality when trying 

o reach a bigger group of students, the rest was concerned that 

ot everybody has a VR headset. This is currently an indisputable 

imitation of our tool, but we believe that this in the future, this 

ill not be an obstacle. Alternatively, a low-cost solution as Google 

ardboard could be used, but we would lose the ability to interact 

ith the scene. Despite this, 14 participants stated that virtual re- 

lity is more informative and 13 of them stated that they could 

magine using our tool on a daily or weekly basis. Further, 11 par- 

icipants would prefer to use a virtual reality to learn something 

ew because it is easier to pay attention and more suitable for op- 

rating with spatial data. One of the arguments against using vir- 

ual reality was that they would not want to turn the headset on 

ust because of one lecture. Out of the 17 participants, 15 would 

refer virtual reality to obtain deeper understanding of some topic, 

ecause they can interact with the scene and it is easier to see 

nd explore the details than when using 2D video. Only two par- 

icipants preferred 2D video as students and again stated that VR 

s not that accessible yet. Some of the participants were so fasci- 

ated by the virtual world that they said it was hard for them to 

ay attention, especially when it was their first experience with 

R. However, this was just a subjective observation, as our results 

escribed below are showing a slight increase in knowledge gain 

hen using virtual reality. All participants appreciated the option 

o pause the playback in virtual reality and interact with the scene. 

ost of them used it during the second phase of the testing, the 

est stated that they could imagine a scenario where such func- 

ionality would be very beneficial. According to the results, all par- 

icipants think that using VRdeo to teach has its benefits. Among 

he listed ones belong the interactivity, easier concentration, depth 

erception, better understanding, or possibility to see any detail in 

he data. Given the above analysis, we concluded that the hypoth- 

sis H.1 was confirmed. 

To evaluate hypothesis H.2, we conducted a knowledge test 

easuring how much information the users understood and re- 

embered. After the test, they were asked to rate its difficulty on 

 scale from 1 (very simple) to 5 (very hard). Participants who took 

he test after watching the 2D video rated the subject matter diffi- 

ulty 2.7 in average. Their average test score was 8.6 points out of 

3. The subject matter seemed slightly less difficult to the group of 

articipants who took the test after experiencing the virtual scene. 

hey rated the difficulty as 2.1 in average. The test score of this 

roup was in average also better, reaching the value 10.3 out of 13. 
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Fig. 6. The answers for questions regarding the comparison and usability section of the questionnaire. The answers are on Likert scale with 5 being the best option. 

Fig. 7. The answers for questions on the intuitiveness of the individual functions of the tool. The answers are on Likert scale with 5 being the best option. 

T

w

b

s

9

m

E

n

v

s

fi

t

d

a

w

q

i

n

u

t

f

a

s

t

t

e

w

t

s

a

m

n

t

s

t

b

o

n

t

t

s

s

t

t

i

g

V

t

p

s

o

1

t

r

t

t

p

t

m

i

a

e

s

w

e

t

hese results are in line with our hypothesis H.2. Note that while 

e divided the participants into the two groups as evenly as possi- 

le with respect to their age and background, the presented results 

till might be biased given our sample size. 

. General assessments and remarks 

In this section, we summarize the interesting observations we 

ade during the development and namely testing of VRdeo tool. 

xperiencing the narrated story in virtual reality was an unde- 

iably different experience for the observers than watching a 2D 

ideo. The users who watched first the narrative in VR were then 

kipping through the 2D video, but none of the participants who 

rst experienced the 2D video was skipping through the narra- 

ive in VR. The users were eager and motivated to explore the 

ata being displayed on their own. Although we cannot statistically 

bstract the user’s engagement from the conducted study, what 

e observed within the testing and also extracted from the post- 

uestionnaire was that the users highly appreciated the presence 

n the virtual environment. To test the benefit properly, we would 

eed to conduct more studies also with experienced users, ideally 

sing VRdeo in practice and for a longer period of time. 

Except for these general remarks, we also experienced more de- 

ailed observations that are worth to mention as they can drive the 

urther direction of VRdeo development. Changing the stair color 

s a visual feedback signaling the change of the current recording 

tate was highly appreciated by the narrators. Therefore, it is worth 

o consider other additional information that can be encoded to 

he environment in a similar manner. The biggest mentioned ben- 

fit was that this cue is visible from everywhere in the scene. This 

ay, it removes unnecessary head movements when searching for 

he cue in the scene or hand menu. 

We noticed that when the users are presented with a larger 

cene, teleport seems to be a feasible tool for them to move 

round, when other options, such as physical walk or continuous 

ovement, are impractical due to lack of space or motion sick- 

ess. Some users even got so accustomed to this technique that 
290 
hey used it even for small adjustments of their position. With re- 

pect to interaction with objects within the scene, the users seem 

o expect and prefer rotating the objects by grabbing them with 

oth hands. With respect to the controllers themselves, to pull the 

bjects to a closer range we used a mapping that seemed more 

atural using a joystick but the users expected to be able to use 

he ”swipe” interaction when using the touchpad on HTC Vive con- 

rollers. This can be caused by the fact that they are used to the 

wiping gesture on modern smartphones. The narrators were pre- 

ented with two options to start and stop the recording of the vir- 

ual scene. Even though we considered mapping to a physical but- 

on more convenient, most users preferred to use a virtual button 

n the hand menu. Finally, during the testing sessions, at the be- 

inning some of the users were distracted when they experienced 

R for the first time, as they enjoyed the experience and wanted 

o explore the medium itself. For the testing, we thus suggest to 

lan a sufficiently long ”introduction session”, where the users can 

imply enjoy the VR prior to any user study, where the time spend 

n a given task should be measured. 

0. Conclusion and future work 

In this paper, we introduced VRdeo, the tool for novel interac- 

ive representation and creation of educational material and nar- 

ated stories in virtual reality. The design of the functions of the 

ool is based on requirements gathered from our collaborators and 

heir experience and problems with generating such material. Our 

roposed workflow is supported by three operating modes where 

he user is taking different roles. The user switches between these 

odes using the hand menu and the roles are adjusted automat- 

cally. In this way, the user can generate the narrated stories in 

n easy-to-use and intuitive way. This was demonstrated in two 

xemplary scenarios from biochemistry and medicine, and the re- 

ults can be seen in the supplementary videos. From the feedback, 

e collected a set of ideas for future enhancements. These are, for 

xample, the possibility to automatically generate a camera trajec- 

ory that would ease the preparation of the 2D video, enabling the 
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ser to load the volumetric datasets and provide means for their 

ntuitive exploration, or adding advanced selection options for cus- 

om models. Additionally, there was also an interesting idea for 

uture theoretical research investigating to which extent the ob- 

erver should be able to influence the story by changing the con- 

ent while interacting with the scene or how to easily edit parts 

f already recorded narrations. Here we will search for inspiration, 

or example, in the publication of Xia et al. [60] . Finally, we believe

hat the presented concept could also be further extended for use 

ith augmented reality. 
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