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Abstract

This research is part of the VEA (Virtual Environment for Animal experimentation) project, conducted in
collaboration with the Biological Engineering Department at the Laval University Institute of Technology,
France. The primary objective is to develop a virtual reality platform that reduces the need for animal use in
training by providing an immersive learning environment where students can master technical procedures
and gestures. In this article, we present a novel VR-oriented pedagogical model that was used to guide the
design of a virtual learning situation corresponding to a use case involving the placement of a catheter in an
anesthetised rat. The development process incorporated pedagogical considerations and technological
implementations, emphasising a user-centred design approach. To evaluate the usability of the VR
application, a preliminary face validity study was conducted with 146 participants. The study used
questionnaires to collect subjective data on user experience, interaction quality, and overall satisfaction.
Results demonstrated high usability scores and positive user feedback, indicating the effectiveness of the VR
application as a training tool. Key contributions of this work include the detailed blueprint for constructing
VR-based educational situation and the empirical validation of the application’s usability. This research
supports the potential of VR to replace traditional animal-based training methods, improving both ethical
standards and educational outcomes.

1. Introduction
Research using the animal model for scientific purposes remains essential to protect human and animal
health and the environment. Many medical, veterinary, pharmaceutical and toxicological studies, all of which
have been ethically validated, have used the animal model, and could not have been carried out using any
other model. These studies are governed by various legislations and regulations aimed at reducing the
number of experiments on animals used for scientific purposes. These regulations encourage the
development of alternative methods, and promote the use of the animal specimen only in the absence of
other methods that can meet the objective of the study. In general, these regulations are based on the
‘principle of 3Rs’, which consists of Reducing, Replacing and Refining (improving) the use of animals as far
as possible (Verderio et al., 2023).
The aim of the current work was to propose an alternative method based on Virtual Reality (VR) to reduce
the number of animals used in animal experimentation training while allowing students to acquire a good
understanding of the basic technical procedures and gestures before implementing them on a real specimen.
Researchers in technology-enhanced learning (TEL) have shown great interest in VR technology due to its
ability to simulate real-world conditions.
Virtual learning environments (VLEs) comprise technological infrastructures that transcend the physical
constraints of conventional educational settings. These platforms facilitate student engagement with diverse
cultural milieus, allow for the exploration of different environmental parameters, and provide remote access
to mentorship (Ketelhut & Nelson, 2021).
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Building on the concept of VLEs, VR Learning Environments (VRLEs) use VR to create dynamic teaching
scenarios without real-world constraints, such as risk or uncertainty. Thus, a VRLE immerses learners in a
virtual environment for educational purposes.

VRLEs have been used in many areas, such as science education (Shudayfat & Alsalhi, 2023) , surgery
training (Mao et al., 2021; Bielsa, 2021) , decision making for intervention in high-risk sites (McIntosh,
2022), laboratory workflows training (Wermann & Pohn, 2022) , maintenance procedures (Guo et al., 2020),
and understanding complex scientific concepts (Zhang & Bowman, 2022). These examples illustrate that
learning and teaching within a virtual environment is a promising field that is undergoing a process of
democratisation. Virtual technologies can contribute to promoting learning by users, since they are the main
actors in terms of experimenting and practicing with virtual objects. It is therefore necessary to reflect both
on the didactic situations themselves and on the concept of a scenario in order to ensure pedagogical
efficiency.

In our research, we are principally interested in the design and operationalisation of learning situations in a
VR context. Before implementing this type of learning activity, the teacher must pay particular attention to
the pedagogical treatment (Wagner & Liu, 2021), which is based on an description of the pedagogical
scenario (Bakki et al., 2019; Pernin & Lejeune, 2006; Tadjine et al., 2015). Anticipating learning interaction
between the elements of a pedagogical scenario, learning activities, resources and tools will allow the teacher
to ensure that the pedagogical scenario provides the aimed mental and cognitive processes for the learners
(Marougkas et al., 2023).

In this paper, we present research conducted as part of the VEA (Virtual Environment for Animal
experimentation) project, conducted in collaboration with the Biological Engineering department at the Laval
Institute of Technology, France. The aim of this project is to develop a solution allows on VR that will allow
the learner to master the correct gestures while respecting the ethics rules (the ‘Rule of 3Rs’)'. Specifically,
we aim to (1) Develop a virtual action model for learning technical procedures; (2) Apply this virtual action
model to guide the design and development of a VR based learning environment for animal experimentation
education, with a view to enable learners to interact with and practice the technical procedures in a
simulated, risk-free environment; (3) Provide educators with a pedagogical toolkit for designing VR
scenarios and evaluating learner progress. In fact, the proposed platform was developed based on a user-
centred design approach, where biology teachers actively contributed to the design of learning situations, and
students participated in the iterative testing and refinement of the proposed solution. However, we are
particularly interested in the design and operationalisation of learning situations in virtual environments. We
then assess the effectiveness of the VR learning environment in achieving its educational objectives (and its
impact on reducing the need for animal models in training). To achieve these objectives, our paper is
structured as follows: Section 2 discusses the scientific background relevant to our research. Section 3
explains the pedagogical context of the project. Section 4 introduces the virtual action model and presents an
illustrative educational activity. Section 5 describes the main functionalities of the developed prototype,
including our action model, which allows teachers to design and adapt their pedagogical situations. Section 6
presents an evaluation of the proposed tool. Finally, section 7 draws some conclusions and outlines some
directions for future work.

2. Scientific Background

Digital technologies are increasingly recognised as important and effective tools in learning and teaching,
offering more powerful and sustainable learning experiences than traditional teaching methods. They can be
divided into different categories, of which VR is particularly important. The potential benefits of VR for
pedagogical activities have been explored in recent years. In particular, we can highlight the potential that
VR Learning Environments (VRLE) offer teachers to create original and dynamic pedagogical situations.

Many studies have explored the use of virtual technologies in learning environments (Hamilton et al., 2020;
Martin-Gutiérrez et al., 2017). Previously, these experiments were expensive, and were limited to specific
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sectors such as the aerospace or nuclear energy industries. However, the use of VR is more feasible and
affordable than ever for educational institutions and learners (Martin-Gutiérrez et al., 2017).
In this section, we give an overview of the potential of VR for pedagogical purposes, along with an
exploration of the mechanism of interaction within the virtual environments.

2.1. The promise of VR in education
Maximising the full potential of VR in education requires strong pedagogical design. This involves carefully
tailoring and integrating VR experiences into the curriculum, ensuring that they are aligned with the learning
objectives, and providing appropriate guidance to learners through scaffolding (Dede, 2009). The design of
VR-based educational experiences is guided by pedagogical principles that prioritise learner-centred,
inquiry-based, and problem-solving approaches (Johnston et al., 2017). VR experiences are designed to
promote active learning, critical thinking, and collaboration in accordance with social constructivist
principles (Vygotsky, 1978). Research has shown that VR can increase learner engagement, motivation, and
knowledge retention (Krajcovic et al., 2021; Yu & Xu, 2022). VR encourages experimental learning by
providing an immersive and interactive environment. Learners can manipulate virtual objects, explore
simulated environments and engage in experimental exercises that closely mirror real-life situations (Gomez,
2020). Participating in these interactive exercises promotes deeper cognitive processing and internalisation of
information (Johnson-Glenberg, 2018). VR’s ability to replicate a wide range of situations and scenarios
supports the iterative process of experiencing, reflecting, conceptualising, and experimenting (Mikropoulos
& Natsis, 2011). In line with the concept of contextual learning, VR-based education highlights the relevance
of learning in context rather than in isolation (Setyowati et al., 2023). VR allows students to participate in
relevant, real-world activities, bridging the gap between theoretical understanding and practical application.
This technology is an effective tool for authentic learning since it can simulate real-life learning experiences
and professional environments (Sumardani & Lin, 2023). This approach improves learners' critical thinking
skills and their ability to apply knowledge in real-life situations (Herrington et al., 2013).
The use of VR in education is also informed by the principles of scenario-based learning, which involves the
use of realistic scenarios to facilitate learning (Ke & Xu, 2020). VR scenarios provide a safe and regulated
environment for students to investigate, test, and learn from their mistakes, fostering a deeper understanding
and application of knowledge (Kugurakova et al., 2023; Mclntosh, 2022).

2.2. Design and implementation of virtual pedagogical activities in VR learning

environments

In our work, we are particularly interested in the interaction (virtual action) between humans and the virtual
world (virtual objects). In practice, a pedagogical activity is a succession of virtual actions that a user must
achieve in a VRLE. Thus, to design virtual pedagogical activities, it is sufficient to describe the virtual
actions associating to each activity. According to Mellet-d'Huart (2021), the key to using VR in education
lies in the users' ability to anticipate, choose, and execute virtual actions within the VR learning
environment.
For Patel et al. (2006), the aim of immersion and interaction is to promote the learning of gestures and
behaviours by situational awareness and the skills transfer from the virtual to the real world.
These notions are rarely perfectly realisable in a given system, and mostly represent an objective to be
realised as far as possible. However, they must be achieved, even modestly, in an application based on VR
technology (Fuchs, 2011). In VR field, the identification, the specification and the design of virtual actions is
very complex, as it is necessary to define the way in which interactions are realised as well as to specify the
VR devices that will support these actions.
Fuchs (2017) categorises immersion and interaction in virtual environments into three levels: sensorimotor,
cognitive, and functional. Sensorimotor interaction involves physical engagement and technical aspects.
Cognitive interaction includes mental processes such as interface use and mental representations, integrated
with virtual behavioural primitives (VBPs) (Coquillart et al.,, 2011; Richir et al., 2015). Functional
immersion focuses on task-specific engagement, employing VBPs within a pedagogical framework to
enhance user interaction and learning (Richir et al., 2015).
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Fuchs (2017) provides an in-depth exploration of VBPs, categorising them into four distinct types of actions
that define user interactions within virtual environments:
e  Observing the virtual world: Involves acquiring a list of objects within the user's visual area, their
distances, and orientations.
® Moving within the virtual world: Defines zones and tracks user movements and speed, whether
transitional or rotational.
e Acting within the virtual world: Encompasses interception actions, selections (target acquisition
tasks; Zhai et al., 1994), and manipulations (modifying object properties like position, orientation,
colour, scale, and texture; Ouramdane et al., 2009).
® Communicating within the virtual world: Detects user intentions and presents information, enabling
interaction with other users, virtual characters, or the application via voice commands or 2D/3D
menus.

VBPs are refined into sub-categories to match specific VR actions, associating them with recommended VR
devices. For instance, actions within the virtual world include selecting and manipulating, using VR gloves,
controllers, or headsets. Unlike training simulators, VRLEs use virtual devices, allowing detachment from
realism to enhance learning. In VRLE design, teachers select VR actions, information presentation and
devices to optimise learning; VBPs via virtual devices such as VR headsets create sensory stimuli and
facilitate interaction similar to real environments. VR-oriented educational activities, as defined by Marion
(2010), include teacher-described tasks tailored to pedagogical goals. Following Fuchs (2018), the activities
are grouped into four basic behaviours (VBPs) and divided into action sequences (Mahdi et al., 2019a). For
example, interacting in the virtual world may involve actions such as 'distort’, 'move’ and ‘cut'.

3. Educational context: VR simulations for animal experimentation learning

The principles of the 3Rs (Replacement, Reduction, and Refinement) in animal research have driven the
development of VR simulations as a promising alternative to traditional animal experimentation education
(Ormandy et al.,, 2022). VR-based simulations provide an immersive and realistic environment where
students can practice various experimental procedures without causing harm to live animals, effectively
replacing and reducing the use of animals in training (Lemos et al., 2022). These simulations also provide
opportunities for refinement by enabling learners to develop essential skills before progressing to real-world
settings. In fact, VR technology provides a simulated environment where learners can engage in realistic and
interactive experiences that mimic actual animal experimentation. This approach offers several educational
benefits:

e Ethical Considerations: VR eliminates the need for live animals in educational settings, addressing
ethical concerns associated with animal use in experiments and fulfilling the replacement aspect of the
3Rs (Manciocco et al., 2009).

¢ Enhanced Learning: Interactive VR simulations facilitate a deeper understanding of animal anatomy,
physiology, and behaviour through visual and experiential learning, thereby contributing to reduction by
minimising the number of animals required for teaching purposes (Tang et al., 2020).

¢ Reproducibility: VR allows for the repetition of experiments without additional costs or ethical issues,
promoting mastery of techniques and concepts while adhering to the principles of refinement by
improving the quality of education without compromising animal welfare (Husain et al., 2023).

e Safety: Students can learn and practice potentially hazardous procedures in a safe and controlled virtual
environment, ensuring both student safety and the welfare of animals (Debose, 2020).

Several VR-based tools have been developed and evaluated in scientific studies for their effectiveness in
teaching animal experimentation while respecting the principles of the 3Rs. These tools can be categorised
into four main types: Animal handling and behaviour simulation tools, surgical simulation tools, virtual
laboratory environments, and physiological simulation tools.
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¢ Animal Handling and Behaviour Simulation Tools: The FreemoVR system simulates animals freely
moving behaviour, providing students with the opportunity to conduct experiments, manipulate
variables, and observe outcomes without using live animals (Stowers et al., 2017). VR-based behaviour
simulation has been shown to be effective in teaching concepts related to animal behaviour research,
making it a valuable tool in reducing the need for live animals in behavioural studies (Kaupert et al.,
2017). Similarly, RatCAVE, developed by Grosso & Sirota (2019), facilitates the expression of authentic
and unrestricted behaviour in rats by delivering accurate and minimal delay visual stimuli. This system
also provides for versatile control over visual stimuli in animals that are able to move freely.

e Surgical Simulation Tools: Hunt et al. (2020) propose a VR-based application designed to enhance the
educational experience of veterinary students by providing a minimally interactive platform for
stereoscopic viewing of surgical videos. This application aims to help students in preparing for their first
canine sterilisation surgery. Additionally, the Virtual Cow Dissection tool developed by Lili & NorAzura
(2012) uses realistic 3D modelling and collision detection to simulate the dissection of a cow. This
system incorporates behavioural deformation modelling to accurately represent the anatomy and physical
properties of the cow's neck and internal structures, improving the understanding of bovine anatomy
without the need for real specimens.

* Virtual Laboratory Environments: The Virtual Experimentation System developed by Wu (2009) is
based on the VR Modelling Language (VRML) and enables the creation of interactive learning
environments for biological sciences. It provides immersive scenarios for various educational needs and
supports remote collaboration among learners, enhancing the understanding of biological concepts
without the need for live animals. Froguts is specifically designed for virtual dissection, allowing
students to dissect frogs and other animals in a virtual laboratory. The software provides an interactive
and immersive dissection experience, replacing traditional dissection kits and fulfilling the replacement
aspect of the 3Rs (Apat, 2019). ViSi, developed by Tang et al. (2020), offers an immersive experience by
allowing students to explore high-quality 3D animal specimens. The virtual dissection software promotes
an in-depth understanding of anatomy without the need for real samples, aligning with the principles of
Replacement.

e Physiological Simulation Tools: Computerised Dissection Simulators developed by Abdullah (2010)
and Predavec (2001) provide students with the opportunity to virtually manipulate animal specimens,
practice dissection techniques, and explore anatomy with real-time deformation patterns and haptic
feedback features. These tools reduce the need for live animals while maintaining high educational
standards. The VR-based Dissection Simulator introduced by Vafai & Payandeh (2010) is distinguished
by the use of haptic feedback, allowing users to simulate the dissection of an animal (e.g., a frog) using a
force-return 3D haptic device. The tactile interaction enhances the learning experience and improves the
understanding of anatomical structures without the use of live animals.

As part of this research work, we developed a VRLE for animal experimentation (a small mammal model).
The main objective of this work was to offer teachers and students in the Biological Engineering Department
of the Laval University Institute of Technology, France, an alternative VR method of learning the correct
gestures while respecting the ethics rules (the 3Rs rule). We particularly worked on a pedagogical situation,
which consists of placing a catheter in a canal, vein or artery in an anesthetized animal in several steps: (a)
anaesthesia of the animal; (b) fixing the animal; (c) cutting (incising) the skin from the shoulder girdle to the
base of the chin; (d) realising a tracheal catheter; etc. Before presenting the functionalities of the Virtual
Environment for Animal experimentation (VEA), we first describe our proposition of virtual action model,
and illustrate it with the example of a virtual cutting (incising) action.

4. A Virtual-Reality-Oriented Pedagogical Action Model
This section presents our proposed Virtual-Reality-Oriented Pedagogical Action Model, highlighting its
broad applicability across various educational scenarios. Our model empowers educators to design
immersive and interactive virtual learning environments tailored to specific pedagogical objectives. By



IJVR Volume 25 Issue 1

providing a structured approach to map educational activities to virtual actions within a VR system, we
enhance the learning experience through precise and engaging simulations. To describe a pedagogical
situation, educators identify the virtual pedagogical activities and corresponding aims, then define the virtual
actions learners must perform. A ‘virtual action’ refers to an interaction within the VR Learning
Environment (VRLE) and its cause-and-effect relationships. In a VRLE, a virtual action connects the user to
the pedagogical situation (Mellet-d’Huart, 2021). Our proposed action model coordinates educational
activities performed by learners with actions in VR systems. This model serves as a reference for teachers'
conception of educational activities and scripted development of scenario-based events within the virtual
environment. Our proposed action model (Figure 1) coordinates educational activities performed by learners
with actions in VR systems.
Each object has specific functions, such as the object it acts upon, positional changes, and the instrument
used by the learner. These are described by semantic labels called thematic roles. Key roles include:
e INSTRUMENT: This is the tool by which the action is accomplished.
e OBJECT (also called the subject): This is the entity which experiences the effects of an action, or
which is moved in a space by an action.
* SOURCE: This is the entity from which another entity comes or moves away.
e POSITION: This is a spatial reference indicating the position of a virtual object or of a user of the
virtual environment.

Thus, for each action is defined by a thematic grid of these roles, e.g., Put: [OBJECT, POSITION], Cut:
[OBJECT, INSTRUMENT].

4.1. VR Action Concept
The "VRAction" concept is the main entity of our proposal, characterised by a learner's pedagogical
objective, a description of the virtual action, and steps to be followed by the learner to realise the action
correctly. We group virtual actions into four categories, corresponding to the four types of Virtual-Based
Pedagogies (VBPs) identified in Section 2. The core entity of our model is the VR action (" VRAction"),
characterised by:

® Pedagogical Objective: The goal the learner aims to achieve.

e Description: Detailed steps to perform the action.

® Sequence: Some actions must follow a predefined order.

To further describe these actions, we use checkpoints, a concept from prior research (Djadja et al., 2019; Gil
et al., 2014; Mahdi et al., 2019; Oubahssi & Mahdi, 2021). Checkpoints are:

a) StartCheckpoint, which identifies the action-start;

b) ProgressCheckpoint, which illustrates the action-progress;

¢) EndCheckpoint, which identifies the action-end; and

d) FailCheckpoint, which reflects an unsuccessful action realised by the learner.

Checkpoints can be cubic or spherical, depending on instructional needs. VR actions also include parameters
with specific values. For instance, in the activity "anaesthesia of the animal via intraperitoneal injection,"
the parameter for the action "injecting a liquid" might be the volume of the liquid in the "syringe object."
These parameters can change the properties of each VR object. For example, exceeding the maximum
volume can cause the syringe to spill its contents, thus acquiring the ‘container' Property.
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Figure 1: The Virtual-Reality-Oriented Pedagogical Action Model.

Figure 1 illustrates the VR action structure. VR actions consist of checkpoints and parameters linked by
aggregation relationships. We also define other aggregation relationships between the “VRObject” class and
the Animation and Property classes. The “Parameter” class uses the “Property” class and includes
animations from the “Animation” class. The reflexive association of the “VRAction” class indicates

hierarchical relationships between actions. Specifically:

® Action2 may have a parent action Actionl, meaning Action2 will only be triggered when Action1 is

validated.

e Similarly, Action3 will only be triggered when both Action2 and Action]1 are validated.
e If Actionl does not have a parent action, it does not depend on trigger conditions and can be

executed at any time during the educational activity.

4.2. VR Objects and Properties

The “VRObject” class describes two main types of objects within our framework: technical (raw) objects and

pedagogical objects. Each type has distinct characteristics and roles, as detailed below.

* Raw Objects (Technical VR Objects): Also referred to as 3D objects or graphic objects. These

objects serve as entities used to acquire knowledge.

® Pedagogical Objects: These are teaching resources or learning objects (Pernin & Lejeune, 2006).
Represented as reusable educational entities that can be aggregated, stored, searched for, and reused

in different learning environments (Wiley, 2002).

The development of these objects requires specific expertise. Each VR-oriented pedagogical object is created
by a technical team and presented as a raw object with pedagogical and technical properties. Properties store

values associated with these objects. These properties include:
e Common Properties: Shared by all objects (e.g., position, shape, colour).

e Specific Properties: Unique to a particular object or learning field (e.g., concentration, volume, and

vaporisation temperature for a H2O-based solution).
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An example of a VR object with shared and specific properties is an H20-based solution, which has shared
properties such as position (where the solution is placed in the virtual laboratory), shape (usually taking the
form of the container like a beaker or flask), and colour (clear or blue, depending on the context), as well as
specific properties including concentration (the amount of solute dissolved in the solvent), volume (the
quantity of the solution present), and vaporisation temperature (the temperature at which the solution
transitions from liquid to gas).

4.3. VR Objects Dynamic Behaviour and Animations
The dynamic behaviour of virtual reality objects within our pedagogical framework is facilitated by the
“Animation” class. This class is pivotal in enabling the representation and interaction of raw objects in a
virtual environment by defining the parameters that govern their behaviour under various conditions. The
animations specify the values of an object's properties in response to the actions performed either directly on
the object or within the surrounding virtual environment. To accurately simulate real-world physics and
interactions, each raw object is assigned specific technical properties. These properties include, but are not
limited to:

e  Weight: The gravitational force acting on the object.

e Position: The spatial coordinates of the object within the virtual environment.

e Shape: The geometrical form of the object, which may influence its behaviour during interactions.

¢ Colour: The visual attribute defining the object’s appearance.

For example, a cube representing a raw object must have the technical properties of weight and position. If
the cube is subjected to a simulated drop, the animation will show the cube falling and possibly deforming on
impact, demonstrating physical principles such as gravity and material deformation. In addition to technical
properties, raw objects can be given pedagogical properties to facilitate learning objectives. These properties
are aligned with specific pedagogical objectives and contextual applications. For example

® Gravitation: A property used in educational scenarios to teach concepts related to gravity.

* FElasticity: Demonstrates material properties relevant to physics and engineering courses.

By incorporating educational properties, raw objects can serve dual purposes: illustrating scientific principles
and enhancing pedagogical effectiveness through interactive simulations. To implement and manage
animations, each VR object is associated with a JSON-based model that defines the parameters and
behaviours of the object. The JSON model includes:

® Identifier: A unique identifier for the animation.

e Name: A descriptive name for the animation.

® Description: A detailed explanation of the animation’s purpose and behavior.

® Compatible Actions: A list of actions that can trigger the animation.

For example, in a ‘cut’ action scenario, the corresponding animation will visually depict the opening of the
skin. Such animations are predefined within the JSON model (Figure 2) and are flagged with checkpoints to
ensure accurate and timely activation (Figure 3).

{

"defaultscaleFactorX": 1.0,

"defaultscaleFactorY": 1.0,

"defaultscaleFactorZ": 1.0,

"TriggerName" : "ScissorsAnimator",

"Animations": [

{"Localld" :"1", "Name": "Open and close the scissors", "Description": "description", "CompatibleActions": "1",
"Animators" : [
{"AssociatedObject": "ScissorsAnimator", "ActivatorName": "Play", "StopAnimationsOnExit":true, "Type": 1}

© ® N oG AW N =

10 1

"}

12,

13 "Properties"[

14 {"Property Type":3,"Name":"Observable"}
15 ]

16}
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Figure 2: Extract from a JSON file describing the properties of an VR-oriented pedagogical object

Open the right

o
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side

Figure 3: Example of the arrangement of educational actions within a virtual pedagogical activity

4.4. Animation Triggers, Rules and Conditions
Checkpoints play a critical role in the animation framework. They serve as reference points that trigger
specific animations when certain conditions are met. As indicated before, when a learner interacts with the
virtual environment and reaches a checkpoint, the corresponding animation is activated. The “Animation”
class encompasses a set of rules and conditions that govern the dynamic behaviour of the raw objects. Each
animation is associated with:

* Trigger Variable: A condition or event that initiates the animation.

* Animation Type: The specific category or nature of the animation (e.g., movement, transformation).

® Boolean Condition: A logical statement determining whether the animation continues or stops when

a checkpoint is passed.

These rules ensure that animations are contextually relevant and accurately reflect the intended pedagogical
outcomes. For example, a falling cube animation might be triggered by the learner’s action of releasing the
cube, with the animation type specifying a fall and deformation sequence, and a Boolean condition stopping
the animation when the cube hits the ground. The integration of animations into educational scenarios is
designed to enhance the learning experience by providing interactive and visually engaging simulations. By
leveraging the detailed properties and behaviours defined in the JSON models, educators can create dynamic
and responsive virtual environments that support a wide range of pedagogical objectives.

4.5. Animators and Animation Control
Animators are crucial components in the control and execution of animations within the virtual environment.
Each animation is managed by an animator, which dictates the following elements:

e Specific Object: The VR object associated with the animation.

e Trigger Variable: The variable or event that initiates the animation.

® Animation Type: The nature of the animation, such as movement, transformation, or interaction.

® Boolean Condition: A condition that determines whether the animation continues or stops when the

learner passes a checkpoint.

The animator ensures that animations are executed smoothly and in accordance with the predefined rules.
For example, an animator controlling the ‘cut’ action would manage the sequence of animations depicting
the skin opening, ensuring that the animation starts, progresses, and ends correctly based on the learner's
interactions.
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5. Virtual Environment for Animal Experimentation
Our environment was developed using a user-centred design (UCD) approach, which prioritises the needs
and goals of the end-users (Salinas et al., 2020). We worked closely with biology teachers to understand their
requirements and needs for teaching animal experimentation education. They expressed their needs and
explained the required learning situations and experimental protocols, which informed our design decisions.
Throughout the development process, teachers tested the system periodically, providing valuable feedback
on the system's accuracy and realism in mimicking real-world laboratory protocols and procedures. They
shared their insights on whether the system accurately replicated the experimental protocol and identified
areas that required modification. This collaborative approach ensured that our VR environment was designed
with the needs of trainers and learners in mind. In addition, students participated in some of the testing
sessions, providing further insight into the usability and effectiveness of the system. Their input helped to
refine the user interface and interaction mechanisms to ensure an engaging and effective learning experience.
Furthermore, the UCD approach was not limited to the design of the platform but extended to the
development of our virtual pedagogical action model. By collaborating with educators, we ensured that the
virtual pedagogical activities and corresponding pedagogical aims were aligned with the actual needs of the
teaching scenarios.
To construct the model, it was necessary to develop a general abstraction of virtual actions that could be
applied to various educational contexts. Although the teachers were not VR experts, their feedback played a
significant role in shaping this process. Their insights were crucial in ensuring that the theoretical model was
both pedagogically sound and intuitive. Subsequently, we converted their requirements into precise technical
specifications for the model, ensuring that each component of the model aligns with various pedagogical
objectives.

5.1. Example of a Pedagogical Activity: Animal Experiment Context
In this section, we describe an example of virtual pedagogical situation involving the placement of a catheter
in a canal in an anesthetised animal (a rat). The learner is instructed to perform the ‘cut’ action. The
objective of this action is to incise the animal’s skin from the shoulder girdle to the chin base. As illustrated
in Table 1, two virtual objects are required, the scissors instrument (used to realise the cutting action) and the
rat object (on which the action is performed). The action does not require any parameters to be specified,
which justifies the null value given to the ‘parameters’ element. However, the ‘cut’ action requires
checkpoints to delimit the cutting areas, as illustrated in Figure 4.
In this example, the checkpoint type is cubic. In the case where the learner successfully completes the cut
action, an animation is triggered to show that the action has been successfully completed. One or more ‘Fail’
checkpoints are specified for actions that are not performed correctly. Figure 4 illustrates the four
checkpoints used for the ‘cut’ action.

Cut Action
Name Cut
Objective Know-how to open the animal skin
Description The learner must cut the animal skin
Instruction Start cutting from the chest strap to the
base of the chin
Objects Objectl Rat
Object2 Scissors
Checkpoints Checkpoint 1 | Form Cube
Type Starting
Animations | Animation 1 Opening of the skinl
Checkpoint 2 | Form Cube
Type Progress

Animations | Animation 1 Opening / closing the scissor

Animation 2 | blood flow
Checkpoint 3 | Form Cube

Type End

Animations | Animation 1 | Opening of the skin 2
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Checkpoint4 | Form Cube
Type Failure

Animations | Animation 1 | Haemorrhage

Animation 2 | Cardiac arrest
Checkpoint 5 | Form Cube
Type Failure

Animations | Animation 1 Haemorrhage

Animation 2 Cardiac arrest

Parameters Null

Table 1: Example of the elements used in the design of the ‘cut’ action

Fail Checkpoint
End Checkpoint
Progress Checkpoint
Start Checkpoint

Figure 4: Virtual pedagogical object: an example of used Checkpoints

5.2. VEA: Functionalities
To design, develop and evaluate our proposed solution (VEA application), we used an approach based on an
agile multi-step iterative process. The proposed VRLE provides learners with functionalities to perform a
variety of pedagogical activities in a virtual world as part of their curriculum and instruction (both in the
laboratory and in a real context). It also allows the teacher to configure specific pedagogical activities
depending on the learners’ profiles. We describe in the following the main VEA application features.

e Connecting: This feature allows the user (teacher or learner) to connect to the VR environment. To
do this, the user must use a VR headset with a VR controller, which allows them to manipulate the
environment and its objects.

®  Moving within the virtual laboratory: Once the user is immersed in the VR environment, he/she is
able to move freely. The user can also use the teleportation function to navigate between different
locations.

® Visualising and manipulating virtual objects: With the two VR controllers, the learner can
manipulate the different laboratory objects, and in particular the tools that are required to realise the
practical work on animal experimentation.

e  Using the practical worksheet: A worksheet detailing the sequence of activities to be performed has
been provided to the learners. The learner can refer to it at any point to comprehend the work
expected

e Time spent: During the design phase, the teacher can associate a specific duration to each
pedagogical activity or virtual action. This feature allows the learner to be reminded of the time
spent on each activity and the time remaining regarding the allocated time.

11
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e Access to educational resources: The teacher can upload pedagogical material to the learners in
form of a short video. This feature may assist the learner in the achievement of the practical
assignments.

® Validation of realised actions: This functionality indicates (in real time) whether the action
performed by the learner is correct or not based on the concept of checkpoints described in the
previous sections.

Figure 5: The VEA student interface

Figure 5 illustrates the main interface of VEA. The overall features of VEA can be previewed on the demo
video available on the link below?. In addition, the VR-oriented educational activities as well as the probable
actions, the types of interactions (PCV) and the VR-oriented educational object, form the basic theoretical
elements of our proposal (VEA). These elements also allow us to provide the first solutions for structuring
VR-oriented educational situations into reusable scenario models in different learning contexts (Mahdi et al.,
2019a).

6. VEA: Experiment and Evaluation
In this section, we first provide a description of the experiment; we then explain the methodology used to
evaluate the VR-based environment, and finally present and discuss the results.
6.1. Experimental Design
This study employed a single experimental condition, which was tested by all 147 participants. The
experimental condition involved a usability study where participants used the VR-based environment (VEA)
to complete a series of tasks. The study was conducted as part of a Learning and Assessment Situation (LAS)
with the objectives of:
¢ Understanding the environment of an animal experimentation room.
e  Understanding the live anesthetized rat model and the equipment necessary for the implementation
of an experimental procedure.
® Being trained in the performance of the technical gestures of the tracheostomy by following the
operating protocol.

6.2. Methodology
A usability study was carried out to obtain user feedback on the VEA system and to ensure that the proposed
functionalities were adequate for users’ needs. The experiment was conducted with 147 first-year Biological
Engineering students at the Laval University Institute of Technology, France, who were supervised by one
tutor. Students were chosen as the main participants in this trial since they are the ultimate end users of our
system, and their feedback and opinions about VEA are essential. At the methodological level, we defined
evaluation criteria based on the definitions of utility and usability proposed by Issa & Isaias (2022).

thtD://Derso.univ—lemans.fr/Nloubah/videos/V ideoRatPresentation.mp4
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According to these authors, utility refers to the objectives an artefact enables a user to achieve in specific
situations, while usability pertains to the ease of using a device, including its interface, navigation, and
coherence with the objective. In our case, we consider that VEA:

is useful if it (1) facilitates the implementation of the experimental procedures of physiological
studies; (2) provides all the elements necessary to acquire the basic experimental gestures on the
laboratory animal; and (3) allows the students to gain a better grasp of the (basic) technical gestures
before applying them to a real model.

is usable if it (1) allows for simple and easy navigation; (2) provides a movement and interaction
interface (in a virtual environment) with all the functionalities needed to simplify its use; and (3)
ensures the coherence of the production process of the various virtual actions.

Figure 6: The experimental environment

6.3. Protocol and Experimental Environment
As mentioned above, this experiment was conducted as part of a LAS. Our evaluation process was designed
to take place in three steps, as follows:

Step 1 - Preparation: In this step, the teacher described to the students the objectives of their
learning situation (individual tracheotomy training based on VR) and it’s the different steps
involved. She also presented the materials and equipment used during this experiment (two
computers, two VR headsets headset and controllers, and Steam VR 3D software). At this stage, the
students also studied the experimental protocol (by reading handouts and viewing a video). They
also benefited from training (10 min), which introduced them to the manipulation of the VR tools.
Step 2 - Individual tracheotomy training based on VR: The aim of this step was for the students to
carry out practical work according to the instructions provided in the preparation phase. The
objective of the training in animal experimentation is to sensitise students to this field and allow for
the acquisition of knowledge (regulations, animal welfare, alternative methods, etc.) needed to
implement experimental procedures as part of physiological and pharmacological studies in a
professional environment.

Step 3 - Data collection and results: In this step, we asked students to complete an online
questionnaire comprising 24 questions®. These were made up of 22 closed-ended questions, rated
using a six-point Likert scale (totally disagree, disagree, somewhat disagree, somewhat agree, agree,
totally agree) and two open-ended questions. The first set of closed-ended questions collected data
on the participants and their level of expertise in VR. The second set investigated whether the VEA
tool allowed participants to correctly perform their virtual practical work (i.e. to move easily in the
3D environment, interact easily with the different virtual educational objects, and correctly perform
the different virtual actions). The third set was related to the measurement of the usability of the
VEA tool; for this part, we used a System Usability Scale (SUS) questionnaire (Bangor et al., 2008).
In the open questions, the students were asked to give positive or negative comments about the tool

* https://lium-cloud.univ-lemans. fi/index.php/s/L3DB5rF899BaeGA
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and the various virtual actions carried out, and to report any bugs in the software. This feedback also
allowed the teacher to carry out a formative evaluation of the critical learning that took place during
the virtual practical work.

6.4. Experimental Results

As mentioned above, the aim of the experiment was to evaluate the usability and utility of our VEA tool. For
the usability measurements, we applied an SUS questionnaire, which is a popular and effective tool for
assessing the usability of various systems (Bangor et al., 2008). A total of 146 students were involved in this
experiment, which is an adequate sample size to detect any major problems with usability (Virzi, 1992). SUS
is based on 10 closed-ended questions, where each item is rated on a five-point Likert scale ranging from 1
(strongly disagree) to 5 (strongly agree). The questions are phrased as positive (even numbered questions)
and negative statements (odd numbered questions). Users may be confronted with a misunderstanding of the
negative statements of the questionnaire. This may have an impact on the calculation of the SUS score. Pre-
processing of participant responses can help avoid these errors. For that purpose, we refer to McLellan et al
(2012), who identified as incorrect all responses that scored higher than three for all negative statements.
After pre-processing 9 participations were withdrawn from the 146 received responses.

SuUs MAX
07 L
79 Q7.5
Detractor Passive Promoter
NPS:
Acceptable: Not Acceplable Margina Acceplable
Worst imaginable Poor oK Good Excelent Bestimgaginable
Adjective: - g A Skl “M :
Grade: F D C B A
|
| | |

sus score: O 10 20 30 40 50 60 70 80 90 100

Figure 7: VEA Tool Usability: SUS Score (A)

The average SUS score for all participants was 79, with a SD of 8,74. In accordance with the rule for
interpreting SUS questionnaire(Bangor et al., 2008), scores of above 70 were acceptable, scores of between
50 and 70 were marginally acceptable, and scores of less than 50 were considered unacceptable . Using this
scale, an average SUS score of 79 indicates that our tool is acceptable, and results of between good and
excellent were obtained for the notation (Figures 7 and 8). This score also corresponds to the 86th percentile,
according to the standardisation presented by Sauro and Lewis (2011).
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Figure 8: VEA Tool Usability: SUS Score (B)

It is interesting to look at the individual results for some of the basic questions of the SUS questionnaire
(Table 2). We note that for all the positive statements, we have a median >= 4, which indicates that all the
participants consider that our system is easy to use and could be easily used by any individual. We also note
that for all the negative statements, we have a median <= 2. This indicates that overall, the participants
disagreed with these statements. The responses to Question 10 concerning “the need to master VR tools
before feeling familiar with the VEA tool” were neutral, and this finding may be explained by the context of
using of VR tools (VR headset, joysticks/controllers).

4 0.76 4.37
2 0.77 1.69
4 0.74 0.74
2 0.93 2.30
4 0.72 3.93
2 0.76 1.70
5 0.67 4.56
1 0.47 1.25
4 0.77 4.34
3 1.28 3.18

Table 2: Usability of the VEA tool: Individual analysis of each question

The aims of the second part of the questionnaire was to determine whether the tool allowed the students to
correctly perform their practical work in virtual mode, and to evaluate the movements and interactions in the
3D environment and the different virtual actions that were performed. This part also assessed whether the
students were satisfied with the functionalities of the tool. The final aim was to evaluate the potential of the
tool in terms of the use of VR in the context of animal experimentation. A total of 137 of the 146 students
indicated that they were able to move easily in the 3D virtual environment and to use teleportation.

We asked the participants whether the interactions with the 3D objects (rat, scissors, pliers, etc.) were
intuitive and whether the objects were well placed in the environment, and 68 of the participants agreed. We
also observed that 140 students passed the different steps of their virtual practical work. However, 88
students had difficulty in realising the action that allowed the wire to be placed around the rat's trachea, and
this is one aspect that needs to be improved in the next version of the tool. We also found that students who
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had already used a virtual headset easily passed the different steps of the practical work (7 min), with the
others taking longer (12 min). 139 students were satisfied with the tool, and one reported problem with the
use of the virtual headset. Overall, the students were very satisfied with the use of the VEA environment.
They stated that it would allow them to: (1) master the protocol; (2) learn the various technical gestures
before carrying out practical work; (3) have more confidence to do practical work on a real animal; and (4)
train on the overall experiment process before conducting real practical work. They also made suggestions
and recommendations relating to the improvement of the application's functionalities and the animations
used for the various virtual actions. The proposals for improvement included:

e Offering students two levels of difficulty (with and without assistance);

e Allowing students to carry out their activities in groups (i.e. introducing the notion of collaborative

educational activity in a VR context);

¢ Providing the ability to expand the areas used to perform a virtual task;

¢ Improving the animations of the virtual actions already developed in the VEA tool;

e Offering the possibility of using several rat models.

7. Conclusion

VR offers users new experiences through increasingly effective methods of interaction and immersion,
which are of great interest in the field of education (Chen, 2006). The collaboration between our IEIAH-
LIUM team and the educational team of the Biological Engineering Department (Laval University Institute of
Technology, France) made it possible to propose the first alternative VR-based solutions to the problem of
using of the animal model for scientific purposes. To conduct this work, we adopted a co-design approach in
which several teachers participated in the conception of different VEA concepts through an iterative, user-
centred approach. The contribution proposed in this project provides important elements for our work within
the applicative area of VR in the educational field. The objectives of this project are to explore research
questions related to the design and operationalisation of educational situations in a VR context, and to
provide models and tools that could help teachers to design, reuse and deploy their educational scenarios in
VR learning environments. (VRLEs) (Mahdi et al., 2019b). In addition, we aim to propose technical and
methodological solutions that are both adaptable and reusable; in other words, those solutions can be used in
various virtual environments, regardless of the field or the type of pedagogical activity to be performed.

The design and development process of a VRLE needs to consider the pedagogical requirements of teachers
to fulfil their needs (Mahdi et al, 2019a; Mahdi et al., 2019b). The model was established through a
collaboration between our research team and biology professors at the IUT. The educators assisted us in
understanding the stages of animal experimentation, which was crucial for accurately modelling these
processes within the virtual environment. Their insights ensured that the pedagogical objectives were met
and that the virtual actions reflected the real-world procedures effectively. Our interdisciplinary approach
allowed us to integrate detailed biological protocols into the VR framework, enabling students to engage in
immersive, hands-on learning experiences that mirror actual laboratory practices. The professors' expertise in
animal experimentation informed the development of specific virtual actions, checkpoints, and parameters
that aligned with educational goals and technical requirements. This collaboration highlights the framework's
applicability across various educational scenarios, demonstrating its potential to enhance learning
experiences in diverse fields beyond biology. By working closely with subject matter experts, we ensured
that the VR learning environment is both pedagogically sound and technically robust, providing a
comprehensive tool for educators to design interactive and effective virtual learning experiences. The
experiments with the VEA prototype carried out by the first-year Biological Engineering students of the
Laval University Institute of Technology demonstrated the importance and usefulness of VR in this type of
educational context. These experiments also led to several proposals for improvements to the VEA tool, at
both the artefact level (functionalities and architecture) and at the scientific level (modelling of VR-oriented
educational situations and their operationalisation). In future work, we intend to improve the current
prototype (the VEA tool) by providing a new virtual platform for animal experimentation, with the aim of
fulfilling the emerging requirements of teachers/students. In summary, our current efforts have provided a
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solid foundation for the integration of Virtual Reality (VR) technology into educational environments.
However, future initiatives will focus on the integration of gesture training and haptic feedback to improve
understanding of practical procedures. In addition, future research will focus on establishing content validity
through expert judgement and assessing the transferability of skills acquired in virtual reality to real-world
applications. The aim of these efforts is to improve the field of education through the use of virtual reality
and to further validate the effectiveness of our teaching method in preparing students for real-world
professional experiences.
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