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Abstract

The immersive, multisensory experiences offered by virtual reality have been transforma-
tive across multiple disciplines, enhancing practical and theoretical skills while increasing
user motivation and learning. On the other hand, multi-agent systems have proven to be
effective in facilitating the expansion and modularity of computer systems. This paper
presents an application developed in a virtual reality environment based on multi-agent
systems for the conceptual design of mechanical assemblies from primitives. As a main
novelty, the primitives can be defined by the user of the application from a set of models
and images, and an Excel document, without the need for programming knowledge, taking
advantage of the possibilities offered by multi-agent systems. In addition, for each primi-
tive, it is possible to define a set of geometric and dimensional modifications, as well as a
set of position relations with respect to other primitives to generate mechanical assemblies.

Keywords: agent-based system; automated settings; virtual reality

1. Introduction

The cheapening of virtual reality hardware together with the improvement of the user
experience due to advances in interaction, immersion and information intensity has led
to a growing deployment in this technology in fields, such as medicine [1], sports [2], fire
safety [3], language learning [4], urban planning [5] or journalism [6], among others. In
addition, it has facilitated access to educational institutions that have benefited from virtual
technologies to visualize physical classrooms, access laboratories, and explore machines or
industrial plants, all within a virtual environment [7].

Recent research confirms the expansion of virtual reality in the educational field,
especially in higher education, where its adoption has shown positive effects on students’
academic performance, highlighting that virtual reality favors active learning, motivation,
and the development of practical and theoretical skills, allowing more collaborative and
participatory experiences [8,9].

The acceptance of virtual environments as learning spaces is high among university
students, who positively value the possibility of interacting with simulated scenarios and
accessing innovative educational resources [10-12]. This trend is reflected in the growing
integration of virtual reality in universities worldwide, with more than 70% of leading
institutions actively exploring its use in academic programs [13].

Multimodal Technol. Interact. 2026, 10, 21

https:/ /doi.org/10.3390/mti10020021


https://crossmark.crossref.org/dialog?doi=10.3390/mti10020021&domain=pdf&date_stamp=2026-02-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mti
https://www.mdpi.com
https://orcid.org/0000-0001-5647-4932
https://orcid.org/0000-0002-6081-9988
https://doi.org/10.3390/mti10020021

Multimodal Technol. Interact. 2026, 10, 21 2 of 31

Regarding access to these applications, market analyses indicate that more than half
of virtual reality educational applications are free and that English is the predominant
language on these platforms [14]. However, the full integration of virtual reality in post-
compulsory secondary education still faces challenges, such as the development of digital
competencies in both teachers and students [9]. Despite these challenges, students perceive
virtual reality as a valuable tool to complement their learning, both inside and outside
formal educational institutions [15].

In the fields of design and engineering, virtual reality has been used to visualize design
concepts and processes [16-19] and to analyze parts, equipment, and procedures [20-22]. It
has also been applied to design review tasks [23], interior design processes [24], and design
training [25,26], among other uses.

In these contexts, virtual reality enables visualizing virtual models in their environ-
ment and experiencing design more intuitively and naturally. However, the absence of
intuitive authoring tools, accessible user interfaces, and effective interaction mechanisms
for creating, manipulating, and editing VR content remains an obstacle to modeling in
VR applications. On the other hand, the possibility of automatically importing native
computer-aided design (CAD) data into virtual reality systems requires complex, error-
prone file conversion and optimization processes [27]. In addition, any modifications to the
original CAD file require re-converting the geometry to make it compatible with the VR
environment, and this process is uniquely one-way. This means that changes made to the
model in the virtual environment cannot be transferred back to the CAD file, leading to
data inconsistencies [28].

To address these limitations, some authors have investigated 3D modeling directly
in virtual reality environments, allowing the creation of geometry in the virtual space
itself [29-32], and various commercial tools have even been developed, such as Masterpiece
Studio [33] or Gravity Sketch [34], mainly aimed at artistic applications.

However, the geometric precision and accuracy required by engineering design re-
main challenges in virtual reality applications. Keefe and Jackson [35] proposed starting
2D sketches outside the virtual reality environment and later using them as a basis for
generating 3D content. This problem of lack of precision is a recurring limitation in virtual
reality-based modeling environments [36,37].

Eswaran et al. [38] highlight the importance of extended reality (XR) in industrial as-
sembly processes within the Industry 5.0 framework, emphasizing its potential to improve
efficiency, predictability, and quality in assembly, facilitate human-machine interaction,
enable real-time collaboration, and support intelligent decision-making.

Also, Chuyun & Mu [39] present an advanced methodology for the virtual assembly
of complex mechanical structures using digital twin technology. They integrate hierarchical
modeling with gesture recognition to improve human—computer interaction in environ-
ments such as Unity.

In agent-based applications, while there is no single, universally accepted definition of
what constitutes an agent, this term can be described as a lightweight, standalone software
entity designed to perform a specific operation on a certain item. Agents have the ability to
interact and collaborate with other agents, forming what is known as a multi-agent system.
This type of system enables tackling complex tasks that would be unfeasible for a single
agent or a conventional system, thereby demonstrating that the whole can exceed the sum
of its parts.

Autonomy is the key concept in the definition of an agent [40]. For the purposes of
our study, the following characteristics of agents in a multi-agent system are considered
especially relevant [41,42]:

e Agents act autonomously and are significantly independent of each other.
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e  There is communication and interaction between agents.
e No agent has a complete global view of the system.
e No agent is assigned the role of central controller.

Multi-agent systems have been the subject of research for decades and have been
applied to a wide variety of problems. In the field of computer graphics, they have proven
their usefulness in areas such as artificial intelligence for video games, specifically in the
navigation and movement planning of non-player characters [43], as well as in the design
of particle systems [44], crowd simulations, and animations with shape constraints [45].

In the context of rendering, these systems have been used to simulate non-photorealistic
styles using stroke-based techniques, such as stippling and shading [46]. A prominent
example is the work of Rangel-Kuoppa et al. [47], who developed a JADE-based platform
to distribute rendering tasks across a network. However, Gonzalez-Morcillo et al. [48]
criticized this implementation for not employing characteristic agent mechanisms and,
in response, designed their own system that applies multi-agent principles to optimize
realistic 3D rendering,.

In the field of virtual environments, research with multi-agent systems has focused
mainly on applications such as simulation and real-time interaction for training and secu-
rity. These applications enable modeling complex behaviors and improving the learning
experience in dynamic scenarios [49,50]. In addition, they have been used to develop inter-
active prototypes that facilitate experimentation and validation of designs in controlled
environments [51]. Agent-based architectures have also been used in virtual reality envi-
ronments for the development of modeling applications [52] as well as for the development
of collaborative environments [53,54].

In this work, a virtual reality application is presented for the assembly of mechanical
assemblies, in which the following contributions can be highlighted:

e It works with mechanical components without the inaccuracies that characterize
models generated in virtual reality applications.

e It allows certain modifications of mechanical components through simple operations
that do not affect the accuracy of the geometry with which it is worked.

e  The number of mechanical components that are part of the application is scalable by
users with no programming knowledge.

e The proposed agent-based architecture allows mechanical component modification
operations to be scaled with very little effort.

e  The agent-based architecture for mechanical assembly modeling is completely new.

The document is structured so that, after reviewing the most relevant work in virtual
reality, modeling, and multi-agent systems, the proposed virtual modeling paradigm is
described, the constituent modules of the multi-agent architecture are detailed, and the
results of the evaluation study are presented.

2. The Paradigm of Virtual Modeling

To test the multi-agent architecture proposed in this document, a virtual reality appli-
cation has been developed in Unity 2022.3.10f1 for the conceptual modeling of mechanical
systems, whose virtual environment is shown in Figure 1.

The application’s operation is focused on incorporating primitives into a mechanical
set, manipulating and modifying them, and subsequently positioning the existing ones
according to position relationships defined by the users, resulting in a mechanical set
formed by these mechanical primitives. User interaction is through menu actions or
directly on the primitives entered.
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Figure 1. Application environment.

2.1. Commands by User Action on the Menu

In this section, we will analyze the commands that can be executed when users interact
with the buttons in the application’s menus.

2.1.1. Add New Primitive Menu

The “ADD NEW PRIMITIVE” floating menu (presented in Figure 2) is located in
the vicinity of users and scrolls following their head movement. In the “ADD NEW
PRIMITIVE” menu, you will find the buttons that allow you to directly generate primitives.
When one of these buttons is pressed, the corresponding primitive appears close to the
user and can be moved, rotated, and subsequently scaled by the user to build mechanical
assemblies. In addition, there is a Pin menu button that allows the menu to be anchored in
space, preventing it from moving with the movement of the user’s head.

ADD NEW PRIMITIVE

This menu is created at runtime, and the number of primitives that will appear in it is
defined by the user.

o)

5

Support Bearing
Gear

Figure 2. Add New Primitive Menu icons.
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2.1.2. Actions Menu

The “ACTIONS” menus appear next to the primitives introduced in the virtual world
when they are selected and act directly on them. Each primitive introduced into the
virtual space is associated with a menu containing the actions that can be performed on it.
The actions to be performed on each primitive are configured by the user, except for the
“Remove component” action, which, if not entered by the user, is added automatically. The
menus are created at runtime to collect these actions. Figure 3 shows the menus defined for
the support, bearing, Axle, Key, Cylindrical Gear, and Bevel Gear primitives configured in
this work.

| AcTions supporT |
@ Hole diameter @

ACTIONS BEVEL GEAR
A © carwan @

2 ]| © seurdomer @
Machining Remove

keyway @ Wheel hub component
diameter

ACTIONS CYLINDRICAL GEAR ‘
® @ Gear width @

” e diameter (®)
Machining @ Remove
keyway e Wheel hub component

diameter

@ Suppor height @
@ Support width @ component

Remove

— B
@ Axle lenght @ ﬁ EE_’ @ Key width @ ﬁ

Add from Machining @ dde diameter @

Remove Add form
left ° @ Key lenght @ Remove
Y @ Keyway lenght @ component right At component

[ ncrons seauns |
@ Bearing width @

e Inside diameter @
| @Outside diameter@ component

Remove

——— Addition Primitive actions

Scaling actions
Primitive modifications actions

Remove component actions

Figure 3. Actions menu icons.

The configurable actions for primitives are:

1.  Addition Primitive: Adds to an existing primitive another primitive connected to its
right or left.

2. Primitive Modifications: Change one primitive for another, allowing for the simulation
of machining operations.

3. Scaling: Scales up or down a certain experimentally defined value in all or only some
of the directions defined by the coordinate axes.

4.  Remove Component: present in all menus, allows the deletion of the primitive that
has the menu associated with it.

Figure 4 shows what the modifications to an Axle primitive should be after executing
different actions in its “ACTIONS AXLE” menu.

Add from Axle
Me e it gl dometer
E— e— —
Machining J L
k N
Axle - Keyway cyway

N lenght

Figure 4. Modifications made to an axle from its Axle actions menu.
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2.2. Commands by User Action on the Model

This section will analyze the commands users can execute by directly manipulating
the model, displacement, and rotation. Both commands are carried out directly on the
primitive selected by the user by placing the handles’ pointers over it and pressing the
trigger button. Although we will analyze these operations separately below, the two can be
performed simultaneously.

2.2.1. Displacement

To move a primitive, the user must capture the primitive by positioning the handle
cursor on it and pressing the trigger button. From then on, any move the user makes on
the controller will be played back on top of the captured primitive (see Figure 5).

Horizontal displacement

Figure 5. Displacement of primitives.

When the user releases the trigger button, the primitive is released and placed at its
current position. However, to facilitate relative positioning between primitives, the user
can establish point-to-point position relationships between primitives in such a way that,
at the end of the manipulation of a primitive, if the distance between a point defined in
the manipulated primitive with respect to a point defined in another existing primitive, in
any of the coordinates, is lower than an experimentally established value, the manipulated
primitive is shifted to make the coordinates of both points coincide.

2.2.2. Rotation

To perform the rotation operation, the user only needs to capture the primitive to be
rotated by positioning the handler cursor over it and pressing the trigger button. From
then on, any rotation the user makes on the controller’s three axes will be reproduced on
the captured primitive (see Figure 6).

When users release the trigger button, the primitive is released and remains with the
rotation established at that moment. However, to facilitate relative orientation between
primitives, the user can establish axis-to-axis orientation relationships so that, at the end of
the manipulation of a primitive, if the orientation of an axis defined in the manipulated
primitive with respect to another axis defined in another primitive forms a set angle or its
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difference at this value is less than an experimentally established value, the manipulated
primitive is oriented so that both axes form the established angle.

Figure 6. Rotation of primitives.

2.3. Application Settings

As we mentioned earlier, the application offers an important novelty: the ability to
choose the set of primitives you want to work with. For this reason, before running the
application, the user must include among the project assets, specifically in a folder called
PSAM, the settings of the different primitives to be used.

The setting of a primitive will be defined by a set of files placed in a subfolder within
the PSAM folder. It must, at least, contain: a GameObject with the geometric information
of the primitive; a PNG file corresponding to the representative icon of the primitive; and
an Excel file in which, under a pre-established format, the relationships between primitives
will be defined, as well as the actions to be executed on it. In addition, the setting primitive
folder may contain other GameObjects to configure certain operations, as well as PNG
image files that will be used as icons to configure the menu of actions to be executed on
the primitive.

3. The Agent-Based Architecture

Unity’s traditional component-based architecture focuses on generating GameObjects
that are assigned properties using components. To do this, the user must handle a variety
of components, including, at the very least, transforms to control their location, size, and
orientation, colliders to define collisions, and custom scripts to provide functionality.

The architecture presented in this document, based on multi-agents, aims to free
the user from these tasks by having the agents perform them. Therefore, the proposed
architecture comprises a component-based system in which agents perform tasks that
users would otherwise have to perform. This allows users without programming or Unity
knowledge to generate new components, making the application scalable.

The paradigm described above has been implemented in an architecture based on
multi-agents that permits the simulation and assessment of the proposed system. Specifi-
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cally, the architecture has been implemented on Unity because it also offers the possibility

of creating a virtual scene.

Unity offers the GameObject programming class as a more generic class, allowing

scripts that derive directly from the Unity MonoBehaviour base class to be executed. This

allows associating behaviors and a messaging system with each GameObject, making

each GameObject an independent agent that supports “one-shot” and “cyclic” behaviors

through the “start” and “update” functions that derive directly from the MonoBehavior

class. In the latter case, the cyclical process is carried out via a call for each frame of the

virtual scene.

In the proposed architecture, two large independent modules can be distinguished:

1.  The Primitive Setting Agents Module (PSAM), composed of the Setting Broker Agent
(SBA) in charge of initiating the application configuration process, and a variable

number of primitive settings defined by GameObjects, images in PNG format, and

Excel files containing information about the primitives” compartments. In our case,

we have worked with six primitive settings: Setting Support (SS), Setting Bearing (SB),
Setting Axle (SA), Setting Keyt (SK), Setting Cylindrical Gear (SCg), and Setting Bevel
Gear (SBg).

2. The Agents-Based Modeling Module (ABMM) is composed of the following modules:

a.

The Prefab Agents Module (PAM) consists of a set of prefab agents generated
from the GameObjects that contain each PSAM primitive setting. Each prefab
will have a set of behaviors defined and a menu for their execution, according
to the information in the Excel file for each primitive setting. All prefabs are
generated by a Prefab Broker Agent (PBA), which adds a menu and a script
based on the information in the PSAM primitive settings Excel file and the PNG
images that serve as icons for the Scaling and Remove Component actions.In
our case, based on the primitive settings indicated above, we will work with
the Prefab Support Agent (PSA), Prefab Bearing Agent (PBA), Prefab Axle
Agent (PAA), Prefab Key Agent (PKA), and Prefab Cylindrical Gear Agent
(PCgA) and Prefab Bevel Gear Agent (PBgA).

The Broker Agent Module (BAM) consists of a single Modeling Broker Agent
(MBA) that acts as a bridge between the PSAM and the PAMs and IAMs.

The Interface Agents Module (IAM), formed only by the Interface Agent (IA),
is responsible for generating a menu to create the different agents that will
be part of the Database Agents Module by instantiating the prefab PAM. In
addition, it manages the application’s database and the commands the user
executes when using the menu.

The Database Agents Module (DAM) is made up of a variable number of
agents according to the needs of the application at runtime, these being prefab
instances generated from PAM. In our application, the agents involved will be
the Support Agent (SAi), Bearing Agent (BAi), Axle Agent (AAi), Key Agent
(KAi), Cylindrical Gear Agent (CgAi), and Bevel Gear Agent (BgAi).

Figure 7 presents the proposed architecture. All the mentioned agents are described

in more detail in the following paragraphs, where each module of the architecture is
fully defined.
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Figure 7. Functional diagram of the agent-based architecture.

3.1. Primitive Setting Agents Module (PSAM)

The PSAM consists of a set of primitive settings and an SBA that initiates the configu-

ration process when the application starts.

3.1.1. Setting a Primitive

action to be performed.

The setting of each primitive will be defined by:

GameObjects with a collider and a pivot. Figure 8 shows the collider and pivot created
in the GameObjects, using the primitive settings described in this document.

PNG images to represent models in menus.

An Excel file in which each row defines a position or orientation relationship, or an

Figure 9 shows an example of the Excel file structure for any primitive. This example

should be considered for illustrative purposes only and never as a functional file.
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Figure 8. Colliders and pivots defined in primitives.
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12 Axle lenght
Axle Axle
13 | diameter diameter
Centre Centre Scale
14 |
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15 | Scale
Inside 3
16 | diameter
Inside Outside
17 diameter  diameter
Outside a
18 | diameter
Remove
19 component

Figure 9. An Excel file configuring the relationships and actions of a primitive.
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The data that define the position or orientation relationships between the two primi-
tives are:

e  Primitive: It is the name of the primitive with which the relationship is established
when its collider collides with the collider of the primitive we are manipulating.

e Pivot A and Pivot B: These are the names of the pivots that we will use to establish
the position relationships between the primitive that we are manipulating and the
primitive with whose collider we are colliding, respectively.

e  Position, in its variants X, Y, and Z: Marking with an “X” indicates whether position
relationships are established between the manipulated primitive and the one indicated
in Primitive in the different coordinates.

o  Orientation in its variants X, Y, and Z: Marked with a value, they are the coordinate
axes that determine whether orientation relationships are established between the
primitive we are manipulating and the primitive with which we are colliding.

In the example in Figure 9, from rows 5 to 9, the defined position and orientation
relationships are shown. According to them, when you stop manipulating our primitive,
your collider is colliding with the collider of a Bearing primitive:

a. Row 5: If the distance from the X and Y coordinates of the pivot of the manipulated
primitive indicated in Pivot A to the pivot of the Bearing primitive indicated in Pivot
B is less than an experimentally determined value, the manipulated primitive will
be shifted so that these coordinates in both pivots are matched. In addition, if the
angle formed by the X-axis of the pivot of the manipulated primitive indicated in
Pivot A and the X-axis of the pivot of the Bearing primitive indicated in Pivot B is
zero (with an experimentally determined margin of error), the manipulated primitive
is rotated so that both axes have the same orientation, thus establishing a parallelism
relationship.

b.  Row 6: If the distance from the Z coordinate of the pivot of the manipulated primitive
indicated in Pivot A to the pivot of the Bearing indicated in Pivot B is less than an
experimentally determined value, the manipulated primitive will be shifted so that
the Z coordinate of both pivots are the same, thus establishing a flatness relationship
in the XZ planes of both pivots.

c¢.  Row 7: If the distance from the X, Y, and Z coordinates of the pivot of the manipulated
primitive indicated in Pivot A to the pivot of the Bearing indicated in Pivot B is
less than an experimentally determined value, the manipulated primitive will move
by assigning to its pivot the coordinates of the pivot of the Bearing primitive, thus
establishing a coincidence relationship.

d. Row 8: If any of the pivot axes of the manipulated primitive indicated in Pivot A
and the pivot axes of the primitive Axle indicated in Pivot B form an angle of 90 or
270 degrees (both the indicated and their supplementary angles are checked) with
an experimentally determined margin of error, the manipulated primitive will be
reoriented so that these axes are perpendicular.

On the other hand, in the columns under the title of actions, the different operations
that can be performed on the primitives are defined, these being;:

e  The Addition Primitive defines the operation of adding a new primitive to the primitive
we are manipulating if a textual label has been included in that column. The new
primitive will be the one indicated in the Primitive column and will link through its
pivot, indicated in Pivot B, with the pivot indicated in Pivot A of the primitive we
are manipulating. The text entered will be used as a label to add a new button to
the “ACTIONS” menu of the primitive, and the image in PNG format whose name
matches the text will be associated with it. The added primitive will be the one whose
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name matches the one indicated in the “Primitive” column. As an example, in row 9 of
the Excel of Figure 9, an action of type Addition Primitive is configured that creates a
new Axle primitive by positioning its Pivot 3 on Pivot 1 of the manipulated primitive.
This action will be executed by acting on a button added to the floating menu of the
primitive that will be labeled “Add Axle,” and the icon will be the PNG image with the
same name. Similarly, in row 10, an action of the same type is configured, positioning
a new Bevel Gear primitive by matching its Pivot 2 to Pivot 3 of the manipulated
primitive, and adding a new button to the floating menu for execution labeled “Add
Bevel Gear”.

The Modifications Primitive allows for swapping the display between two different
GameObjects to simulate, for example, machining operations. In row 11 of Figure 9,
an action of this type is configured that can be executed from the floating menu of the
primitive by acting on a button labeled “Machining Keyway,” indicated in the Excel
form, and to which an image with a PNG format and name Machining Keyway will
be associated as an icon. The new GameObjects displayed will be defined in an FBX
format file named “Machining Keyway”.

Scaling: This allows for the scaling of the manipulated primitive according to the axes
indicated in the Excel file because it contains a textual label. This scale can be applied
globally to the whole primitive or to a part of it, depending on the contents of the
Primitive column, so that, if the cell is empty, the scaling affects the entire primitive
globally; otherwise, it will affect the part of the part whose name matches the contents
of the cell. To facilitate the sizing of one part with respect to another, the scaling
operation is not carried out continuously, but increases or decreases its size in jumps
of 0.1 units each time you click on the buttons containing the + and — symbols, among
which is the textual label contained in the Excel file. In row 12 of Figure 9, a scale
operation is defined in the direction of its X-axis, which would produce a variation
in the dimension of the entire manipulated piece, as the Primitive column is empty,
in that orientation. In row 17, another simultaneous scale function is defined in the
directions of the Y and Z axes, because they have the same textual labels as the global
primitive, as the Primitive column is empty. In row 14, an operation scaled along the
X-axis is defined again, but this time it will only affect the Center component of our
primitive. This component must exist and be part of the manipulated primitive. To
allow the dimensions of the primitives to be adjusted during the scaling operation to
preset measures instead of being scaled freely, it has been planned to enter rows in the
Excel file, in which a numerical value is entered next to the textual label indicating the
number of primitives that we are going to enter with preset measurements. Thus, for
example, in row 15 of Figure 9, we would be indicating that we want to introduce in
the menu a scale operation labeled “Standard Scale” that, when acting on the + or —
buttons of the menu defined by default in the PBA, modifies the displayed primitive
by going through a list of up to five different primitives that will have been previously
loaded. The primitives to be loaded must have the same name as the textual label,
preceded by a number that indicates the order in which they want to be traversed. In
addition, this new utility can be nested to create multidimensional arrays of primitives
that can be traversed in all their dimensions. As an example, from rows 16 to 18 of
the Excel file shown in Figure 9, a 3 x 4 matrix is defined that can be traversed from
column to column by acting on the buttons of a menu labeled “Inside diameter” and
from row to row by acting on the buttons of a menu labeled “Outside diameter”. As in
the previous case, the different primitives to be displayed must have the same name,
preceded by a numerical character indicating their order within the display list.
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BAM

Modeling Broken

Agent (MBA)

e  Remove Component: This is the action executed to destroy the manipulated primitive
when acting on a button, whose textual and icon label is pre-established. If the action
is included in the Excel file of the setting, this button will appear in the established
order; otherwise, it will be added last to the menu defined for the primitive.

3.1.2. Setting Broker Agent (SBA)

The SBA is the agent that configures the application when it starts up by sending a
message to the MBA for each subfolder of settings existing in the PSAM.

3.2. Agents-Based Modeling Module (ABMM)

The ABMM comprises four clearly differentiated modules: the Broker Agent Module,
the Prefab Agents Module, the Interface Agent Module, and the Database Agent Module.
Next, we analyze each of them separately.

3.2.1. The Broker Agent Module (BAM)

The BAM consists exclusively of the Modeling Broker Agent (MBA), which acts as
a bridge between the PSAM and the PAMs and IAMs. It has a dual function: on the one
hand, it orders the creation of prefabricated elements according to their settings, and on
the other, it orders the creation of a menu that allows these prefabricated elements to be
instantiated. To do this, when the MBA receives a message from the SBA containing the
folder with the settings for a primitive, it forwards the folder to the PBA of the PAM, which
creates a prefabricated element and sends a message to the IA of the IAM with the icon
associated with that primitive.

3.2.2. Prefabs Agents Module (PAM)

The PAM consists of the PBA and a variable number of agents, created at runtime by
the PBA when it receives a message from the MBA, which acts as a prefab primitive used
in the application.

Each prefab element will contain an empty ACTIONS menu to which instances
of prefab buttons will be added to execute different scripts from a predefined set (see
Figure 10). Finally, the PBA sends a message to the IA indicating the existence of the new
prefabricated element.

(" A
Prefabricated
Broker Agent
(PBA)
Add as many
SETTING EXAMPLE scripts to the

GameObject 1IEXAMPLE | Icon 1ICON 3

GameObject 2EXAMPLE | Icon 21CON dsfirve thie
GameObject 3EXAMPLE | Icon 31CON behaviours
. indicated in

the excel file.

1|

{ When the PBA receives a message The PBA creates a prefab I

prefab as
GameObject EXAMPLE Icon EXAMPLE l necessary to

ACTION
menu

GameObject NEXAMPLE | [con nICON

(¢ from the MBA that contains the 2| with the GameObjetc | <§(
‘ setting folder of a primitive V EXAMPLE | -

L Prefabricated Agents Module (PAM)

Figure 10. Functions of the PBA.
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3.2.3. Predefined Scripts

In this section, we will analyze the 8 predefined scripts in the PBA that can be asso-
ciated with prefab scripts: Manipulation, Position, Orientation, Addition, Modification,
Scale, Descale, and Remove Component. Figure 11 presents the flowcharts for the scripts

Manipulation, Position, and Orientation.

Manipulation

OnCollision
Enter Defined variables Defined variables
Defined variables P15 P2, Y2 P1, P2, AngleX, bAngleX, AngleY, bAngleY,
ListGameObjects GameObjectCollided AngleZ, bAngleZ, GameObjectCollided
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no
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between P1Y es i
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h less than a
GameObject
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less than a the angles X of P1 and P2 the angles Y of P1 and P2 the angles Z of P1 and P2
preset vajde? form an angle Anglex form an angle AngleY form an angle AngleZ
no
END END

Figure 11. Scripts: Manipulation, Position, and Orientation.

The Manipulation script, associated by default with all prefabs, runs automatically
when the manipulation of a GameObject is complete. This script initiates the Position and
Orientation scripts between the manipulated GameObject and the other GameObjects it
collides with, and defines a position or orientation relationship between them. The list of
GameObjects with which there is a collision is maintained by Unity’s own functions.

The Position script enforces the position relationships between GameObjects in such a
way that if the distance between the pivots of two GameObjects, between which a position
relationship has been established on any of their axes, is less than a preset value, the
manipulated GameObject moves to match the pivots in the directions of the axes between
which the relationship has been established.

In the same way, the Orientation script is responsible for enforcing the defined orienta-
tion relationships, rotating the manipulated GameObject when the angle formed by the
pivot axis and the pivot axis of another GameObject with which an orientation relationship
has been established is less than a preset value.

Figure 12 shows the flowchart for the Addition and Modification actions, along with
the hierarchical structure of the prefabs. This structure is generated during the reading of
the Excel file and will be carried out, as we will see later, by the PBA.
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Figure 12. Scripts: Addition and Modification.

The Addition script, executed from the ACTIONS menu, allows adding a new primi-
tive to an existing one, instantiating a specified prefab, and positioning it so that its pivot
P2 matches the pivot P1 of the manipulated primitive.

The Modification script, also accessible from the ACTIONS menu, allows toggling the
visibility of the prefab’s children within its hierarchical structure.

The predefined scripts, Scale and Descale, are executed by pressing the + and —
buttons in the action scale menu and allow for performing two different actions.

The first makes GameObjects unable to scale continuously by forcing them to take
default values, as can happen, for example, with standardized elements. In this case, the
action allows traversing a set of prefabs previously hierarchized as an array at a single
hierarchical level, or as a matrix at two levels.

The second performs continuous scaling on all or part of the primitive, as specified in
the Excel configuration, with a preset value of 0.1 units in the X, Y, and/or Z directions set
in the configuration; Figure 13 shows the flowchart for this script.

Finally, the Remove Component script simply destroys the GameObject.

3.2.4. Functions Performed by the PBA

The PBA is the agent responsible for interpreting the Excel file provided by the user
and translating it into a set of prefabricated components, including predefined scripts. To
do this, it iterates through the rows of the Excel file and performs the following.

If the row does not contain any information, indicating that the Excel file has been read
in its entirety, and if the ACTIONS menu of the prefabricated component does not contain
a Remove Component button, it adds one and assigns it the label “Remove Component,”
an icon with the image that the PBA has defined by default for this function, and the
predefined Remove Component script that will be executed when the user clicks on that
button. Finally, the script’s execution ends.
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Figure 13. Scripts: Scaling and DeScaling.

If the row contains information in the “Relations” columns, the user will define a
relationship between GameObjects in such a way that:

1. If there is a position relationship because one of the “Position” columns is marked
with an “X”, a Position script is added to the prefabricated object with respect to the
GameObject that appears in “Primitive”, between the respective pivots that appear in
the “Pivot A” and “Pivot B” columns and between the directions that contain an “X”
in the “Position” columns.

2. If there is an orientation relationship because a numerical value appears in any of the
“Orientation” columns, an Orientation script is added with respect to the GameObject
listed in Primitive, between the respective pivots listed in “Pivot A” and “Pivot B,”
and the axes between which the orientation relationship will exist and the angle that
may exist between their axes are established.

Figure 14 shows the flowchart of the script that interprets relationships defined in the
Excel file.
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Figure 14. PBA flow diagram. Relations.

If the row contains information in the “Actions” columns, the user will request the

creation of a button in the menu associated with the primitive to execute a predefined

action on the primitive.

1.

If the information is in the “Addition Primitive” column, a new button is added to the
ACTION menu, which is assigned the text label contained in the “Addition Primitive”
cell, the icon with the same name from the primitive’s settings folder, and an Addition
script that, when executed, will add a new primitive of the type indicated in the
“Primitive” column to the pivot indicated in the “Pivot A” column, joined by the pivot
indicated in “Pivot B”.

If the information is in the “Modification Primitive” column, a new button is added to
the ACTION menu, which is assigned the text label contained in the “Modification
Primitive” cell, the icon with the same name from the primitive’s settings folder, a
Modification script, and a hierarchical structure is created by moving the GameObject
to the second level and adding a new GameObject, initially hidden, generated from
the primitive included in the primitive settings with the same name as the one in the
“Modification Primitive” cell. Finally, a Modification script will be added to the prefab,
which will be assigned the name given in the label, and will be configured as the
script to be executed when the new button added to the ACTION menu is activated.
If the information is found in the “X” column of “Scaling,” the two buttons + and —
predefined in the PBA for scaling are added to the ACTIONS menu of the primitive,
the text indicated in the cell of the X axis of scaling is positioned between them as a
label, and they are assigned as scripts to be executed when the user acts on the Scaling
and DeScaling buttons respectively, and then:

a. If the scaling on the Y axis does not contain any information, the Scal-
ing and DeScaling scripts indicate that there are no predefined models
(bPredefined = 0) and that scaling will be performed exclusively in the X axis
direction (bScaleX = true, bScaleY = false, bScaleZ = false). Finally, it is checked
whether the scaling on the Z axis contains the same value as the cell on the X
axis of scaling, in which case the assigned Scaling and DeScaling scripts are
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instructed that scaling must also be performed in the direction of the Z axis
(bScaleZ = true).

b. If the scaling on the Y axis contains information that matches the content of the
X axis of Scaling, the Scaling and DeScaling scripts are instructed that there
are no predefined models (bPredefined = 0) and that scaling will be performed
in the X and Y axis directions (bScaleX = true, bScaleY = true, bScaleZ = false).
Finally, it checks whether the scaling on the Z axis contains the same value
as the cell on the X axis of Scaling, in which case it indicates to the assigned
Scaling and DeScaling scripts that the scaling must also be performed in the
direction of the Z axis (bScaleZ = true).

c. If the scaling on the “Y” axis contains information that differs from the content
of the “X” axis of “Scaling,” the hierarchical structure of the prefabricated object
is modified by creating an empty GameObject in which the prefabricated object
is inserted at level 1, adding as many prefabricated objects at this same level as
indicated in the cell of the “Y” axis of “Scaling.” These prefabs will be created
from the existing GameObjects in the primitive setting with a name identical
to that of the initial primitive, preceded by a number indicating the order
of insertion.

d. Subsequently, the Scaling and DeScaling scripts will indicate that predefined
models must be traversed when the scaling buttons are pressed (bPredefined = 1).

e. Finally, it checks whether the value of the cell in the “X” axis of “Scaling” in
the next row of the Excel file matches the value of this same cell in the current
row, in which case the number of rows analyzed in the Excel file is increased
by two. Once the document row has been updated, two new buttons from the
PBA predefined buttons for scaling are added to the ACTIONS menu of the
primitive, including the text indicated in the “Scaling” X-axis cell as a label
and the hierarchical structure of the prefab is modified by inserting into each
level 1 GameObject of the current structure as many prefabs as indicated in the
Y axis cell of scaling, which will be created from the existing GameObjects in
the setting of the primitive with a name identical to that of the initial primitive
preceded by a number that will indicate the order of insertion.

f. Subsequently, the Scaling and DeScaling scripts will be instructed that there
are predefined models in a matrix structure that must be traversed when the
scaling buttons are pressed (bPredefined = 2).

If there is no information in the “X” column of “Scaling” but there is in the “Y” column,
the two buttons + and — predefined in the PBA for scaling are added to the ACTIONS
menu of the primitive, the text indicated in the cell of the “Y” axis of “Scaling” is
positioned between them as a label, and assign them as scripts to be executed when the
user acts on the Scaling and DeScaling buttons, indicating that there are no predefined
models (bPredefined = 0) and that scaling will be performed exclusively in the “Y”
axis direction (bScaleX = false, bScaleY = true, and bScaleZ = false). Finally, it checks
whether the scaling on the “Z” axis contains the same value as the cell on the “Y” axis
of “Scaling,” in which case it indicates to the assigned Scaling and DeScaling scripts
that scaling must also be performed in the direction of the Z axis (bScaleZ = true).

If there is no information in columns “X” and “Y” of “Scaling” but there is in column
“Z,” the two buttons + and — predefined in the PBA for scaling are added to the
ACTIONS menu of the primitive, the text indicated in the cell of the “Z” axis of
“Scaling” is positioned between them as a label, and assign them as scripts to be
executed when the user acts on the Scaling and DeScaling buttons, indicating that
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there are no predefined models (bPredefined = 0) and that scaling will be performed
exclusively in the Z axis direction (bScaleX = false, bScaleY = false, and bScaleZ = true).

6.  If the cell containing information corresponds to “Remove Component,” a button
is added to the ACTIONS menu and assigned the label “Remove Component,” the
image that the PBA has defined by default for this function as its icon, and the
predefined Remove Component script as the function to be executed when the user
acts on that button.

Figure 15 shows the flowchart of the script that interprets user-defined actions in the

Excel file.
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Figure 15. PBA flow diagram.

3.2.5. The Interface Agent Module (IAM)

The IAM consists solely of the IA and its main functions, as shown in Figure 16:
generating a menu at runtime according to the application’s needs, and generating instances
of the prefab components created in the PAM when the user requests them.
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Figure 16. Functions of the IA.

To generate the runtime menu, in the IAM, there is a predefined initially empty menu
of the type ADD NEW PRIMITIVE, to which it will later add instances of a prefab button,
identical to the one defined in the PBA, modifying its label and icon. This button is assigned
a function that instantiates the prefab defined in a public variable.

To do this, when the IA receives a message from the MBA containing an image file, it
instantiates a new button from the prefab and assigns the received image as its icon. The
prefab’s name is subsequently modified when the IA receives a message from the PBA
containing that name.

Finally, when the user acts on any of the buttons of the ADD NEW PRIMITIVE menu,
the function established for the corresponding button is executed in the IAM, instantiating
the prefab indicated in the prefab variable and sending it to the DAM.

3.2.6. The Database Agent Module (DAM)

The Database Agents Module (DAM) consists of a variable number of agents, gen-
erated at runtime according to the application’s needs, which are instances of the prefab
PAM. In our application, the agents involved will be Support Agent (SAi), Bearing Agent
(BAi), Axle Agent (AAi), Key Agent (KAi), Cylindrical Gear Agent (CgAi), and Bevel Gear
Agent (BgAi).

When the user finishes manipulating a DAM agent, the position and orientation
functions defined for that agent are automatically executed, ensuring the position and
orientation relationships the user defined.

On the other hand, when the user acts on the menu associated with the agent, the
user-configured function for the button pressed in that menu will be executed. Figure 17
summarizes the functions performed by the agents that make up the DAM.
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Figure 17. Functions of the DAM.

4. Experimental Work

o

Scale/
Descale

o

Addition

o

Remove

The experimental work has focused on qualitatively assessing the proper functioning

of the application developed to model mechanical assemblies in virtual reality.

To do this, we worked with a group of four professors from the Higher Technical
School of Industrial Engineering at the Polytechnic University of Cartagena, all of whom
had sufficient knowledge to interpret mechanical assembly drawings and some experience

in using virtual reality applications.

The four professors individually participated in the virtual experience offered by

the software presented in this paper, which focused on modeling the four mechanical

assemblies shown in Figure 18, composed of six different mechanical components, within a

Example 1

maximum time of 60 min.

Example 2

Example 4

Figure 18. Modeled assemblies.
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Before each professor began the modeling process, they were allowed to work freely
with the software for 15 min, assisted by one of the authors of this research to help them
understand the software’s operation and modeling methodology.

Once the virtual modeling experience was complete, the only evaluation was whether
the modeling of the four assemblies had been successful.

4.1. Hardware

The application was run on a Windows 10 64-bit laptop with an Intel® Core™ i7-8750H
2.20 GHz processor, 8 GB of RAM, and an NVIDIA GeForce GTX 1080 Ti graphics card.
The device used for the immersive experience was an HP Reverb virtual reality HMD with
a 2160 x 2160 per-eye panel resolution.

4.2. Software

The software used was the application described in this paper, which provided a total
of six configuration folders. The settings folders were the following:

1.  Support (see Figure 19). It contains a primitive in FBX format made up of three
components, Top, Middle, and Bottom, which allows scaling each of them separately.
In addition, it contains a single image that will be used in the “ADD NEW PRIMITIVE”
menu, and an Excel configuration file in which it is defined:

a. Position and orientation relationships with the Bearing and Axle primitives
allow alignment with them in the expected place, and orientation relationships
with the Axle primitives and the support itself to facilitate a perpendicular
orientation with respect to other existing ones.

b. Of the three scaling operations, the first acts on the Y and Z axes of the entire
primitive with the aim of increasing the diameter of the hole without producing
deformation of the hole, the second acts only on the Y axis of the Middle
component to allow increasing the height of the primitive without producing
deformations in the hole, and the third acts on the X-axis of the entire primitive
to increase its overall width.

C. An operation that allows the component to be removed.

2. Bearing (see Figure 20). This contains a collection of primitives in FBX format with
the same name, preceded by a number that will indicate the order in which they are
going to be displayed. In addition, it contains a single image that will be used in the
“ADD NEW PRIMITIVE” menu and an Excel configuration file in which it is defined:

a. Position and orientation relationships with the support and Axle primitives to
allow alignment with them in the expected place.

b. There are two scaling operations, the first of which acts on the X axis of the
primitive with the aim of increasing the overall width of the primitive, and the
second is defined as an operation that will go through the 36 different models,
acting on two independent scaling buttons that allow increasing the diameter
of the hole or the outside of the bearing.

c. An operation that allows the component to be removed.

3. Key (see Figure 21). This contains a primitive in FBX format made up of three
components, First, Center and End, that allows each of them to be scaled separately.
In addition, it contains a single image that will be used in the “ADD NEW PRIMITIVE”
menu, and an Excel configuration file in which it is defined:
a. Relations of position and orientation with the primitive to allow alignment
with it in the expected place.
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b. There are two scaling operations, the first of which acts on the Z axis of
the entire primitive with the aim of increasing the overall thickness of the
primitive, and the second acts only on the X axis of the Center component to
allow increasing the length of the primitive without producing deformations
in the circular shapes of its ends.

c. An operation that allows the component to be removed.

Cylindrical Gear settings (see Figure 22). This contains two primitives in FBX format
to generate prefabs that will be displayed alternatively in the virtual space, an image
that will be used in the “ADD NEW PRIMITIVE” menu, another image that will be
part of the ACTIONS menu of the primitive, and an Excel configuration file in which
it is defined:

a. Position and orientation relationships with the Axle primitives allow alignment
with it in the expected place, as well as orientation relationships with another
existing Cylindrical Gear primitives to position both primitives parallel.

b. A Modifications Primitive operation to toggle the display between the two
available primitives.

c. There are three scaling operations, the first of which acts on the X axis of the
primitive with the aim of increasing the thickness of the Cylindrical Gear, the
second acts on the Y and Z axes of the primitive with the aim of increasing
its diameter without deforming the circular shape of the primitive, and the
third acts on the Y and Z axis of the Hud component to allow increasing the
diameter of the hole without producing deformation of its circular shape.

d. An operation that allows the component to be removed.

Bevel Gear (see Figure 23). This contains two primitives in FBX format to generate
prefabs that will be displayed alternatively in the virtual space, an image that will be
used in the “ADD NEW PRIMITIVE” menu, another image that will be part of the
ACTIONS menu of the primitive, and an Excel configuration file in which it is defined:

a. Position and orientation relationships with the Axle primitives allow alignment
with it in the expected place, as well as orientation relationships with another
existing Bevel Gear primitive to position both primitives perpendicular to
each other.

b. A Modifications Primitive operation to toggle the display between the two
available primitives.

C. There are three scaling operations, the first of which acts on the X axis of the
primitive with the aim of increasing the thickness of the Cylindrical Gear, the
second acts on the Y and Z axes of the primitive with the aim of increasing
its diameter without deforming the circular shape of the primitive, and the
third acts on the Y and Z axis of the Hud component to allow increasing the
diameter of the hole without producing deformation of its circular shape.

Axle settings (see Figure 24). This contains two primitives in FBX format to generate
prefabs that will be displayed in the virtual space, an image that will be used in the
“ADD NEW PRIMITIVE” menu, three other images that will be part of the ACTIONS
menu of the primitive, and an Excel configuration file in which it is defined:

a. Position and orientation relationships with the Bearing, Support, Cylindrical
Gear and Bevel Gear primitives allow alignment with them in the expected
place, as well as orientation relationships with the Support, Axle, Cylindri-
cal Gear and Bevel Gear primitives, which allow the Axle to be positioned
perpendicular to them.
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b. Two Addition Primitive operations that will allow adding a new axle on the
right and left.

c. A Modifications Primitive operation to toggle the display between the two
available primitives.

d. There are three scaling operations, the first of which acts on the X axis of the
primitive with the aim of increasing the length of the axle, the second acts
on the Y and Z axes of the primitive with the aim of increasing its diameter
without deforming the circular shape of the primitive, and the third acts only
on the X axis of the Center component to allow the length of the primitive to
be increased without producing deformations in the shapes circular at its ends.

e. An operation that allows the component to be removed.
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The assembly work has been carried out independently by the four teachers based on

the specified configurations, and all designs have been successfully developed according

to the operating patterns of the different algorithms proposed, regardless of the order in

which the designs were executed.

4.3. Results

All teachers completed the modeling of the four assemblies within the proposed time

frame, with most well ahead of schedule, resulting in a 100% success rate in terms of

application functionality.

5. Discussion

As a continuation of the growing expansion and integration of virtual reality in the

educational environment, due to its positive effects in promoting active learning, increasing
student motivation, and offering immersive environments with collaborative and participa-
tory experiences, this paper presents a virtual reality-based application developed in Unity
that allows the assembly of mechanical assemblies from predefined parts, supporting a
“learning by doing” approach [55].

The virtual reality environment offers a more intuitive, user-friendly manipulation
experience than any desktop application, allowing the user to visualize results more natu-
rally [56]. The application enables users to work with mechanical parts of exact geometry,
thereby overcoming the challenges of precision and geometric accuracy required in en-
gineering design, and focusing primarily on establishing precise positional relationships
between parts [35,57]. Although these geometric entities used in the virtual environment
are not generated within the virtual reality application itself but imported from commer-
cial CAD applications, this approach helps circumvent precision issues when working in
virtual environments [58]. Establishing bilateral connectivity between the virtual reality
application and CAD applications is feasible [59] and is one of the objectives we have set
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for future research. In this way, our application offers a tool independent of any other
application, compared to other possibilities explored by authors in which the virtual reality
application runs on top of a desktop application [60].

Regarding multi-agent use, the fundamental advantage lies in the system’s scalability.
In our work, we have defined six different components for the evaluation of the system,
each consisting of a CAD model, a representative icon, and an Excel file that defines its
positional and orientation relationships with respect to other parts used and the actions to
be performed on the model. However, the number of components can be scaled by a user
without programming knowledge, provided the rules defined in the Excel configuration
file are followed. We believe that the user’s ability to expand the set of components
they can work with in the virtual environment is a strength of the application. This is
possible because the agents defined in the architecture are capable of interpreting the Excel
configuration file that accompanies the component and generating prefab scripts with the
behaviors requested by the user.

The developed system is a good example of the synergy between virtual reality and
multi-agent systems [61], where the use of multi-agents not only scales the system in terms
of the types of components to be used but also enables operations to be performed on those
components. Although not complex, enhancing the system’s functionality requires the user
to have programming knowledge to modify the logic of the Prefab Broker Agent, which
interprets the information in the Excel configuration files.

The application’s operation has been evaluated with the participation of four teachers,
who developed four simple mechanical assemblies from six mechanical components. All
participants had prior experience with virtual reality applications, and the success rate was
100%. Given the positive results obtained in this experiment, we propose as future work
to conduct a more exhaustive study of the application to assess not only its performance
but also its usability on a larger sample, and not limited exclusively to the assembly of
predefined sets, but also to create, following simple instructions, its own components in
order to evaluate the difficulty of the rules imposed to define the configurations of the
components. An in-depth analysis of these concepts is essential to evaluate our tool [62].

6. Conclusions

In this work, an innovative application for conceptual modeling of mechanical assem-
blies in a virtual reality environment has been developed and successfully evaluated by
various users on four example assemblies, achieving a 100% success rate.

The application allows users to intuitively manipulate geometry and navigate virtual
space, similar to real-world interaction. This approach facilitates the learning and use of
the tool, especially for users with no previous experience in 3D modeling, overcoming the
limitations of traditional tools and making the process more accessible and natural [63].
In addition, virtual reality allows users to visualize and experiment with mechanical
components in a safe and controlled environment, which is particularly useful in the
conceptual design phase and in the early detection of potential assembly problems prior
to manufacturing.

On the other hand, the application works directly with primitives imported from a
CAD system and a set of user-defined position constraints. This eliminates the inaccuracy
issues that often arise when modeling directly in VR applications, ensuring that the geo-
metric accuracy of primitives is maintained throughout the entire process. The proposed
methodology also solves the difficulties associated with converting files between CAD
formats and VR formats, as only a user-controlled export is required to define the primitives
that will be part of the virtual assembly. All subsequent transformations of the primitives
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are managed within the VR application using specific commands, thus preserving the
accuracy of the models.

In addition, the agent-based application architecture offers great flexibility and scala-
bility. It allows dynamic modification of the number of primitives in the assembly, adding
or removing elements according to a preset format. This feature makes the system easily
adaptable to assemblies of any size or complexity, and favors collaboration between users
in distributed work environments, which is especially relevant in collaborative engineering
projects and in sectors such as automotive or aeronautics, where the review and validation
of designs using virtual reality is increasingly common.

In summary, the developed application not only facilitates the conceptual modeling of
mechanical assemblies in an immersive and accessible virtual environment, but also guar-
antees the geometric precision and scalability of the system, thus contributing to optimizing
the design, validation and collaboration processes in advanced mechanical engineering.
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