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The use of virtual reality in education has enabled the possibility of
representing abstract concepts and virtually manipulating them, providing a
suitable platform for understanding mathematical concepts and their relation
with the physical world. In this contribution, we present a study that aims to
evaluate the students’ experience using a virtual reality (VR) tool and their
learning of three-dimensional vectors in an introductory physics university
course. We followed an experimental research design, with a control and
an experimental group, for measuring students’ performance in a pre-post
3D vectors questionnaire. We surveyed the experimental group about their
perception of VR use regarding their learning objectives, their experience
using VR as a learning tool during the sessions, and the value of using VR
in class. We found that on the items in which visualization was important,
students in the experimental group outperformed the students in the control
group. Students evaluated the VR tool as having a positive impact on their
course contents learning and as a valuable tool to enhance their learning
experience. We identified four hierarchical categories in which students
perceived the use of virtual reality helped them learn the course contents:
Visualization, 3D Visualization, Identification, and Understanding. Overall, this
study’'s findings contribute to the knowledge of using virtual reality for
education at the university level. We encourage university instructors to think
about incorporating VR in their classes.

stem education, virtual reality, vectors, educational innovation, higher education

Introduction

Over the last decade, several universities with the common goal of pushing
educational innovation forward have invested in centers for educational innovation with
a focus on emerging technologies (Hidrogo et al., 2020a). Some of the most popular
emerging educational technologies are virtual reality, blockchain, internet of things,
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artificial intelligence, among others. Particularly, virtual reality
is in a crucial moment to be implemented massively, due to
several reasons. Some characteristics of virtual reality make
it a favorite candidate for its application for teaching and
learning in higher education; (i) as a technological tool, it
can be directly applied to the teaching-learning process. (ii)
Its current technological maturity stage has allowed for the
development of hardware and software that can be incorporated
into the educational context. At the same time, the costs have
been generally reduced, making the incorporation into the
educational context more viable. (iii) It can boost curiosity
among students (Hidrogo et al,, 2020b); and (iv) for most
students, the university is the only place where they can access
this technology.

Virtual environments are becoming relevant in different
areas of science education, including natural, medical and
computer sciences (Chou et al, 2001; Broisin et al, 2017;
Paxinou et al, 2020). Many studies about the use of VR
in science education focus on students’ learning outcomes,
motivation, and attitude when using VR (Arici et al,, 2019). The
literature reports no significant differences in learning outcomes
when comparing VR with other active learning experiences
(Klahr et al., 2007; Moro et al., 2021), but some studies do
report learning gains when comparing VR with traditional
learning (Johnson-Glenberg and Megowan-Romanowicz, 2017;
Liu et al, 2020). The literature on the use of VR about
abilities and attitudes in science students reports improvements
in students’ achievement, interests and learning experience in
STEM education (August et al., 2016; Al-Amri et al., 2020). The
relevance of the use of VR to improve certain scientific skills,
such as visualization of abstract concepts, has been highlighted
by some studies (Giiney, 2019; Hite et al., 2019).

The use of virtual reality in education has enabled the
possibility of representing abstract concepts and virtually
manipulating them, providing a suitable platform for
understanding mathematical concepts and their relationship
with the physical world. Many physical quantities, such as
force and acceleration, are mathematically modeled with
vectors for describing, computing, and predicting the physical
world. Therefore, understanding and working with vectors is
necessary for learning physics. The literature highlights the
benefits of using VR in science learning. Different studies have
reported the development of AR applications for learning
vectors, their properties, and operations (Martin-Gonzalez
etal, 2016; Langer et al., 2021). In this contribution, we present
a study with the objective of evaluating students’” learning and
experience when using a virtual reality tool to learn about
three-dimensional vectors in a university physics course.
We first present a literature review on the basic concepts of
virtuality and educational technology. We define the context of
the study and present the research questions. We provide the
methodology for the study, the description of the participants,
instruments, data collection, and analysis. We present the
quantitative and qualitative results and discuss the relations
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between them. Finally, we conclude the article with some
recommendations for implementing educational technologies
in the science classroom.

Literature review

When working with virtual reality (VR) it is essential to
review the definitions of mixed reality, augmented reality, and
virtual reality to portray our stand on these concepts. Mixed
reality is a type of hybrid environment that blends the physical
environment with virtual objects (Tang et al., 2020). It describes
a linear continuum that ranges from real environments (reality)
to fully virtual environments (virtuality) (Milgram and Kishino,
1994 as cited by Tang et al., 2020). In mixed reality, the real and
virtual contents allow for data contextualization, they provide
real-time interactivity, and the content needs to be mapped and
correlated with the 3D space (Tang et al., 2020). Within this
continuum, we find augmented reality, which integrates virtual
objects into real-life environments, usually using devices such
as smartphones or wearable smart glasses (Chuah, 2018). The
real-life environment and the virtual objects interact through
the augmented reality device in real-time (Dodevska and Mihic,
2018). For example, when taking a real-life picture with a
camera on a smartphone, AR can attach virtual objects to the
photograph (Sahin and Yilmaz, 2020). It has been found that
augmented reality helps students to visualize abstract concepts,
allowing them to observe phenomena that would be impossible
otherwise (Sahin and Yilmaz, 2020).

At the end of the reality-virtuality continuum, we find
virtual reality. VR blocks out the real world and creates a
fully virtual setting to immerse the users into the virtual world
(Chuah, 2018). Since VR represents only three-dimensional
virtual environments generated with computers, it is necessary
to use the appropriate hardware and software to experience VR
(Dodevska and Mihic, 2018). VR is an experience in which the
user is physically in the real world, entering a three-dimensional
virtual environment using a headset and a computer or with a
mobile device (Frost et al., 2020). The VR market nowadays has
contributed to academic research, engineering, and education,
among other areas (Tang et al., 2020).

To design and develop VR learning experiences, it is
necessary to consider key educational process elements, such
as effective pedagogy, considering the time for teaching and
learning activities, using appropriate tools and resources, and
promoting student engagement (Tang et al., 2020). Buentello-
Montoya et al. (2021) highlighted the importance of having
an adequate pedagogical design when implementing VR and
AR in the learning of mathematics. Research has found that
virtual learning environments can enhance, motivate, and
stimulate learning that the traditional approach could not
achieve easily (Pan et al, 2006 as cited by Tang et al,
2020). Educational technologies can improve science courses by
implementing effective scientific activities and bringing students
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closer to abstract situations that are difficult to recognize in
real life (Sahin and Yilmaz, 2020). The development of virtual
experiences in science teaching should be designed to enhance
student learning and motivate positive attitudes in students.

Dodevska and Mihic (2018) highlight some advantages
and disadvantages of using VR. As advantages, VR can help
make decisions in complex projects, reduce time and efficiency,
and provide simulations that could lower costs and improve
experiences. The main disadvantages are that the initial costs
of the hardware and software requirements and changing
platforms may not be quite straightforward.

Virtual and augmented reality in
science education

Virtual environments are becoming relevant for science
education in different areas, such as computer science education
(Broisin et al, 2017), nanotechnology education (Xie and
Lee, 2012; Schonborn et al., 2016), biology education (Poland
et al,, 2003; Paxinou et al., 2020), building sciences education
(Setareh et al., 2005), health science education (Chou et al,
2001), chemistry education (Miller et al., 2021), among others.
Research suggests that VR can be effectively implemented as
a virtual class for web-based science education (Shin, 2002).
Pre-service science teachers become aware of the potential
advantages and disadvantages of using virtual reality within a
classroom setting after using a multi-user virtual environment
(Kennedy-Clark, 2011). Cowling and Birt (2018) emphasize the
need to put pedagogy before the technology to create mixed-
reality simulations that satisfy students’ pedagogical needs with
a design-based research approach.

The trends in mixed reality studies show that most studies
focus on learning achievement, motivation, and attitude and
that there is a lack of qualitative research in this area (Arici et al.,
2019). Most research compares students’ learning outcomes
when using VR to other approaches such as AR, hands-on
experiences, and/or traditional education. Research suggests
that VR is more effective for visual educational content, while
AR is a better option for auditory learning (Huang et al,
2019).

The research has found no significant differences in learning
outcomes between VR, AR and hands-on experiences. Research
has shown that hands-on activities performed in virtual
and physical environments are equally effective in producing
significant learning outcomes regarding learners’ knowledge
and confidence in early science education (Klahr et al,, 2007).
Other studies have found that there is parity between using
hands-on learning and virtual reality in learning outcomes and
cognitive processes (Lamb et al, 2018). In the teaching of
medical sciences, several studies have found that there is no
significant difference in learning outcomes between using VR,
AR or tablet-based simulations; however, using VR participants

Frontiers in Education

03

10.3389/feduc.2022.965640

reported adverse effects, such as dizziness (Moro et al., 2017a,b,
2021).

However, when comparing the use of VR with traditional
approaches, the literature reports learning gains. McElhaney
and Linn (2011) found that students experiment with virtual
environments as intentional, unsystematic and exhaustive
experimenters, and that these students had significant learning
gains on physics understanding. Collaborative embodied
learning in mixed-reality environments leads to increased
learning gains compared to regular instruction in science
learning (Johnson-Glenberg et al., 2014; Johnson-Glenberg and
Megowan-Romanowicz, 2017). Using whole-body, immersive
simulations of critical ideas in physics leads to significant
learning gains, high engagement, and positive attitudes toward
science (Lindgren et al, 2016). Using VR in the science
classroom improves academic achievement and engagement
scores compared to traditional courses (Liu et al., 2020).

Several studies have found that the use of VR improves
specific abilities and attitudes in science students. Implementing
a 3D Virtual reality learning environment improved female
students’ physics achievement and motivation toward physics
learning (Al-Amri et al., 2020). Scherer and Tiemann (2012)
found three problem-solving abilities in virtual environments,
achieving a goal state, systematic handling of variables, and
solving analytical tasks. Motivation and students’ learning
attitudes in immersive virtual environments for science
education are related through the constructs of intrinsic value
and self-regulation, while students’ attention and enjoyment
relate to students’ learning in the immersive virtual environment
(Cheng and Tsai, 2020). Implementing a Virtual Engineering
Science Learning Lab (VESLL) has proven to improve student
interest and learning experience in STEM education (August
etal., 2016).

Giiney (2019) highlights the relevance of visualization
and visual literacy in instructional design for implementing
technology in learning environments through a literature
review on visual effects, visual literacy, and the design of
multimedia instruction. Using a haptic virtual model with
visual and tactile sensorimotor interactions may provide
students with the opportunity to construct knowledge about
submicroscopic phenomena (Schonborn et al., 2011). Using VR
environments and technology for science learning, it is essential
to consider students’ spatial acuity, since the learners’ cognitive
development plays an important role in students’ perception of
virtual reality (Hite et al., 2019). In the learning of mathematics,
Schutera et al. (2021) highlighted the relevance of using AR in
developing spatial visualization when learning vectors.

Definition of the study

In this experimental study, we used PC-powered VR
equipment, each one with two controllers to interact with
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the virtual environment. This equipment has sensors on the
ceiling to enable room scale, which is the function of reflecting
movements carried out in the physical world in the virtual
environment. The equipment is part of the MOSTLA center,
the experiential learning space for emerging technologies at
Tecnologico de Monterrey. The center provides emerging
technology opportunities for faculty and students at the
university (Hidrogo et al., 2020b).

We used the VR commercial application Gravity Sketch,
a tool for three-dimensional object design and prototyping
compatible with the most popular VR systems. In this case,
the VR system was HTC Vive connected to computers with
Windows. For its focus on design and 3D modeling, Gravity
Sketch allows the drawing and manipulating of objects through
a three-dimensional grid so that it is possible to draw coordinate
axes, locate the vectors in the grid, and measure the length of the
vectors. It also allows drawing planes, visualizing projections of
vectors in this plane, and drawing angles wherever needed. With
these tools, the students could access vector models previously
designed by the instructor, observe them from every angle and
manipulate them to conduct measurements and computations
of their dimensions, angles, and projections. Additionally, they
could create their own vectors to model the physical problems
they needed to solve. Figure 1A presents an example of the
identification of vectors in Gravity Sketch and Figure 1B
presents the students working in teams with the equipment:
One student is using the VR goggles and the other students are
visualizing it on the screen.

The students worked in teams of four students, assigned
that
observation of three-dimensional vectors using VR equipment.

randomly, with preassigned activities promoted
For teamwork, an external monitor is connected, which allows
students outside the virtual world to watch what the student
who uses the VR is watching. The students had one group
session with the instructor to carry out the first activity. In
this session, they learned to use the VR equipment with
immediate feedback from the instructor. After the first session,
the teams attended the VR lab outside of class time to complete
all the activities.

For example, we provide the design of one activity, where
students learn to identify the angles alpha, beta, and theta. The
activity instructs students to create a Gravity Sketch file based
on the Cartesian axes file (a previously designed file), and to
draw a vector that begins at the origin and ends at some point
of the first octant naming this vector as A. The activity asks
students to draw the alpha, beta and theta angles for vector A on
the virtual reality simulation. Additionally, in their worksheet,

students receive the following instructions:

a. Define the vector A in terms of the unit vectors i, j, and k.
b. Calculate the magnitude of vector A.

c. Calculate the angle o .

d. Calculate the angle B .
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e. Calculate the angle 6 .
f. With the three angles that you calculated, compute:
cos?a + cos*B + cos®0 .

This activity has easy-to-follow and clear steps to visualize
the angles in the three-dimensional virtual setting and to
construct the algebraic representation of the three angles based
on observations. Since this is a collaborative task, the team
members can see the projection of the VR setting on the screen
and write their calculations and conclusions on the worksheet.
In Gravity Sketch, students were able to visualize the vectors
in 3D, changing the perspective when they walked or moved
their heads. They could also draw their own vectors, project
them on planes and measure the dimensions of each vector,
allowing them to calculate magnitudes and angles. The activity
itself may take little time for experienced learners, but for most
students, this course is their first approach to using VR, and they
take turns using the VR equipment. The three activities follow a
similar design with different objectives. The first activity helps
students familiarize themselves with the equipment and define
different vectors in the i, j, k unit vectors. The second activity
is the example that we presented. The third activity prompts
students to visualize the projection of the angles in the x-y plane
and calculate the angle phi.

Research questions

Our main research question is: How does using VR impact
students’ learning and students’ perceptions of learning three-
dimensional vectors in an introductory physics course? We
direct our research question to two constructs, student learning
of three-dimensional vectors and students’ perception of their
experience using virtual reality. We identify three subordinate
research questions:

e How does using VR impact students’ learning of three-
dimensional vectors in an introductory physics course?

e How do students perceive their learning outcomes
achievement when learning three-dimensional vectors
using VR in an introductory physics course?

e How do students perceive their experience using VR
for learning three-dimensional vectors in an introductory
physics course?

Materials and methods

We present the methodology with an experimental design.
We had one control group and one experimental group, and
we measured their performance in a pre-post questionnaire.
We additionally surveyed the experimental group about their
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FIGURE 1

goggles and with the screen.

Details of implementation with Gravity Sketch. (A) Example of vectors in Gravity Sketch. (B) Students interacting through the virtual reality (VR)

perception of the use of VR regarding their learning objectives,
their experience in the VR sessions, using VR as a learning tool,
and the value of using VR in class.

Participants

The participants were 94 first-year engineering students
(18-20 y/o) taking the introductory physics course in a
large private Mexican university. The course is a full-credit
undergraduate course at the university, consisting of 3 h of class
time each week for 16 weeks (48 h in total). In this course,
students develop the ability to learn and apply mathematical
concepts and tools to model problems in physics that are
useful to them in their professional lives. The course is highly
focused on the use of vector quantities for the study of
engineering. The teaching approach is active learning; students
work collaboratively, guided by activities designed to generate
team discussions. The textbook is Introduction to university
physics, which consists of three volumes: activities, problem
manual, and concepts and tools (Alarcén and Zavala, 2012).

The control group (N¢ = 29) took the regular introductory
course at the university, benefiting from all the elements
described above. The experimental group (Ns = 65) took the
same course with the VR sessions instead of the guided activities
related to three-dimensional vectors. The same instructor taught
both courses, and the control and experimental group were
assigned randomly. Students acknowledged their willingness
to use the VR tools and participate in the study voluntarily
and provided consent, knowing their information would be
used anonymously.

Instruments

We have two instruments for this study, a pre-post 3D
vector questionnaire for the control and experimental groups
and a survey about students’ experience with VR, which
was only applied to the experimental group. The pre-post

Frontiers in Education

05

questionnaire consisted of 14 multiple-choice questions about
vector magnitude, direction, and projection. Six of the fourteen
questions required students to analyze the range of possible
values for the angles between a vector and the axes, alpha,
beta, theta, and phi. We present these six questions in Table 1.
The remaining eight questions were dedicated to computing
the magnitude or projection of a specific vector. We present
these eight questions in Appendix Table Al for reference.
In general, the questionnaire evaluates students’ abilities to
visualize, identify, and understand the definitions of the alpha,
beta, theta, and phi angles with respect to the coordinate axes.

The survey of experience consisted of 8 qualitative
questions, six open-ended and 2 yes/no questions (see Table 2),
and 15 quantitative Likert-scale questions with five levels of
agreement, ranging from strongly disagree (1) to strongly
agree (5) (see Table 3). The open-ended questions provide
information about students’ perception of their achievement
of learning objectives and their own experience with the VR
setting. The Likert-scale questions provide information about
using virtual reality as a learning tool and the value students find
in virtual reality.

Data collection and analysis

The experimental design consisted of the pre-post
questionnaire (Table 1), the implementation of the VR
sessions in the experimental group, and the experience
survey (Tables 2, 3) to the experimental group. All the
control and experimental group participants answered the
pre-questionnaire before covering the topic of vectors in
class. The topic of vectors was covered in 2 weeks. During
these 2 weeks, the control group had regular active learning
instruction. The experimental group had the first VR session
with the instructor and worked on the VR activities outside
of class time. After covering the topic of vectors, the students
from the control group (N¢ = 29) and the experimental group
(Ng =
survey with open-ended questions and Likert-scale items was

55) answered the post questionnaire. The experience
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TABLE 1 Six items of the pre-post questionnaire with the objective of analyzing the angles alpha, beta, theta and phi of different vectors.

Item Question

Options

Q1 Select the option that represents the range of possible values for the alpha angle of the a) 0°

vector A = 2.5i + 3.8j + 4.6k

Q2 Select the option that represents the range of possible values for the beta angle of the

vector B =5.31 - 2.2j - 3.7k

b) Greater than 0°, but smaller than 90°
c) 90°

Q3 Select the option that represents the range of possible values for the theta angle of the

vector C = 6.8i - 5.1k

Q4 Select the option that represents the range of possible values for the theta angle of the a) 0°

vector B =5.31 - 2.2j - 3.7k

Q5 Select the option that represents the range of possible values for the phi angle of the

vector B =5.31 - 2.2j - 3.7k

Q6 Select the option that represents the range of possible values for the phi angle of the

vector C = 6.8i - 5.1k

d) Greater than 90°, but smaller than 180°
b) Greater than 0°, but smaller than 90°

¢) 90°

d) Greater than 90°, but smaller than 180°
e) 180°

) Greater than 180°, but smaller than 270°
g) 270°

h) Greater than 270°, but smaller than 360°
i) 360°

implemented 2 weeks after the VR sessions for the experimental
group only (Ng = 65). The control group did not answer the
experience survey because they did not attend the VR sessions.
The instruments were implemented through Google Forms.

The pre-post questionnaire was scored as correct/incorrect
for all the questions since they were multiple-choice questions.
All the questions had the same weight, and the score was
calculated with the average of correct answers. We analyzed
the pre-post questionnaire using the normalized learning gain
(Hake, 1998). This measure analyses the differences between the
pre and post-average scores and normalizes them by comparing
them to the highest possible score. If the highest score is 100,
then the normalized gain is calculated with: g = (%sf - %si)/(100 -
%si), where g is the gain, %sf is the percentage of the final
score, and %si is the percentage of the initial score. The learning
gain provides evidence about the effectiveness of an educational
intervention.

We analyzed quantitative data from the Likert scale
questionnaire using SPSS. We performed a principal component
factor analysis with an Oblimin rotation since it does not have
to force the factors to be orthogonal. As with any other social

TABLE 2 Open-ended questionnaire about students’ learning
objectives and experience using virtual reality (VR).

Item Question

LO1 How was VR helpful in learning about vectors’ components?
LO2 How was VR helpful in learning about vectors’ angles?

LO3 ‘What new knowledge did you learn in any of the VR sessions?
E1l The ideal VR session would be about __ minutes long.

E2 I think the most valuable of this experience was:

E3 If the sessions were not helpful, it could be because of:

E4 I had previous experience with VR in another course (yes/no).
E5 The course met my expectations (yes/no).

Frontiers in Education

scale, the factors could be correlated. The analysis divided the
15 items into two components that we called dimensions. The
first dimension we call “learning tool” has 10 items related to
statements describing how VR helps students learn. The second
dimension, we call the “tool value,” has five items related to
how students value VR. Cronbach’s alphas for the survey were
0.93, and the learning tool, dimension and tool value dimension
were 0.94 and 0.84, respectively. We analyzed the qualitative
data from the open-ended questions through coding, reaching
moderate interrater reliability (Cohen’s kappa = 0.71) (Donkin
and Kynn, 2021).

Results

Impact of virtual reality use on learning

We present the results for the first subordinate research
question, how does using VR impact students’ learning of three-
dimensional vectors in an introductory physics course? The pre-
post questionnaire was a 14-item questionnaire that included
the six questions presented in Table 1, and eight more questions
that asked students to calculate the magnitude or projection
of a specific vector (Appendix Table Al). We analyzed the
normalized learning gain for the complete questionnaire (14
items) and found no significant difference between the control
and experimental groups (0.38 and 0.36, respectively). Both
groups had a learning gain greater than 0.3, which is medium,
according to Hake (1998). This implies that the control and
experimental groups have similar learning. Both groups benefit
from the active learning strategies implemented by the professor
and the course content, regardless of the VR use.

We selected the six questions in Table 1 because these items
specifically address the ability to visualize the relations between
the vectors, their components in the three-dimensional axes

frontiersin.org


https://doi.org/10.3389/feduc.2022.965640
https://www.frontiersin.org/journals/education
https://www.frontiersin.org/

Campos et al.

10.3389/feduc.2022.965640

TABLE 3 Likert-scale questions related to students’ learning objectives and experience using virtual reality (VR).

Dimension: learning tool

Item Statement Levels

LT1 The VR tool definitely helped me to learn. 1-Strongly disagree
LT2 The VR tool helped me to understand three-dimensional vectors. 2-Disagree

LT3 The VR tool helped me to get a better grade in the exam. i:i;:::al

LT4 If a friend had trouble with this course, you would recommend the use of VR. 5-Strongly agree
LT5 I think that VR has a future to help learning about vector components in 3D.

LTe I think that VR has a future to help learning about vector angles.

LT7 The VR helped me to visualize or imagine mathematical problems of vectors that I needed to solve.

LT8 The time dedicated to VR sessions was valuable for learning.

LT9 The VR helped me to understand the location and meaning of the alpha, beta, theta and phi angles.

LT10 I'learned things that I would not have learned without the VR session.

Dimension: tool value

Item Statement Levels

TV1 Learning the VR tool took little time. 1-Strongly disagree
TV2 I would like to come to the VR lab by myself and work on preassigned material. 2-Disagree

TV3 The next semester, I will definitely look for some VR support. i:i;:zal

TV4 I would equally attend the VR sessions if they did not count toward my final grade. 5-Strongly agree
TV5 It would be great to have VR to use at home.

and the angles between them. We aim to see whether the VR
implementation helped students to improve their visualization
of the relationship between vectors, components, and angles. We
calculated the normalized learning gain for these six questions
independently. We found that the control group had 0.14, which
is a low gain in Hake’s (1998) definition, while the experimental
group had 0.27, which is a medium gain. As described by Hake
(1998), the difference in the learning gains provides evidence
that the VR implementation helped students improve their
visualization ability of vectors in three-dimensional space.

Student’s perception of learning
outcomes achievement

We present the results for the second subordinate research
question; how do students perceive their learning outcomes
achievement when learning three-dimensional vectors using VR
in an introductory physics course? We provide two perspectives
for answering this question. We first provide the Likert scale
survey results, where students evaluated the use of VR as a
learning tool and its perceived tool value. We then present the
results of the qualitative analysis of learning objectives.

Likert-scale survey
We present the results of the Likert scale items for the two
dimensions: “Learning tool” and “Tool value,” in Figures 2, 3,
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respectively. Both figures use traffic light colors to represent the
level of agreement or disagreement: The green side represents an
agreement, the yellow percentage represents neutrality, and the
orange and red sides represent disagreement.

In the dimension “Learning tool,” students evaluated
whether they agreed or disagreed with 10 statements about using
VR as a learning tool. We found that over 90% of students
agree that VR helped them learn, understand three-dimensional
vectors, visualize mathematical problems involving vectors, and
understand the location and meaning of the angles between
vectors and three-dimensional axes. They also agree that the
time dedicated to VR sessions was valuable for learning, and
they see the future of VR as helping to learn about angles and
vector components. They agree that they would recommend a
friend use the VR tool for learning if they had trouble with the
introductory course. The only items where students had a minor
agreement (at least 80%) were about getting a better grade in the
exam and learning something that they would not have learned
without the VR tool.

In the dimension “Tool value, students evaluated their
agreement with five statements about the worthiness of using
VR for learning. More than 90% of students agree that it
would be great to have VR at home. Over 80% of students
agreed that they would look for courses with VR support
in the future and that learning to use the VR tool took
little time. More than 75% of students agreed that they
would attend the VR sessions even if they did not count
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LEARNING TOOL
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FIGURE 3
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FIGURE 2
Results of Likert-scale dimension of the use of virtual reality (VR) as a learning tool.
TOOL VALUE
Hl m2 m3 m4 m5
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
|
TV1 B 12% 31% | 49%
I
TV2 6% 8% 18% 18% | 49%
|
TV3 6% | 6% 34% | 52%
i
TV4 6% 14% 35% | 42%
|
TV5 8% 14% | 77%

Results of Likert-scale dimension of the value of virtual reality (VR) as a tool.

toward their grades. Over 65% of students agreed that they
would like to attend the VR lab by themselves to work on
preassigned materials.

Qualitative analysis of learning objectives

Three open-ended questions assessed students” achievement
of learning objectives. Items LO1 and LO2 referred to how the

Frontiers in Education

VR was helpful for students to learn about vector components
and angles, respectively. Item LO3 referred to new knowledge
learned while doing the VR sessions.

Since items LOl1 and LO2 were similar in nature,
the same four categories emerged when analyzing students’
answers to these two questions: Visualization, 3D visualization,
Identification, and Understanding. We describe these categories
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TABLE 4 Description of categories for questions LO1 and LO2.

10.3389/feduc.2022.965640

Category Description Example Components Angles (LO2)
(LO1) (%) (%)

Understanding Students mention that VR helped them to “Understanding the direction of the resulting 23 11
understand a specific topic better. vector if I know the components.”

Identification Students mention that VR helped them to “To locate and sketch the components of the 13 37
identify or locate the components or angles. resulting vector.”

3D visualization Students mention that VR helped them to “To visualize the vectors in three dimensions.” 34 8
visualize the vectors in three-dimensional space.

Visualization Students mention that VR helped them to “To visualize it! To see it! They had told me to 24 37
visualize the vectors, components or angles. imagine it and I had no idea of how it would

look.”
Other Unclassifiable answers “The angles.” 6 7
Total 100 100

The examples are taken from question LO1.

in Table 4 and propose a pyramidal structure, as shown in
Figure 4. In the hierarchical structure, we find that at the
most basic level, the VR tool helps students to visualize the
components and the angles of the vectors. The next level
explains that the VR tool helps students to visualize in three
dimensions. Some students that explain that VR helps them
visualize may refer to the three-dimensional aspect of it, but
they were not explicit. The third level would be an identification
of the components and angles. This is higher than visualization
because it not only helps students visualize but they are also able
to identify and possibly relate the vectors with mathematical
systems. At the highest level, we find that the VR tool helps
students to understand the vectors’ components and angles in
a way that would have been more difficult otherwise. When
students’ answers reported two or more levels, we classified them
as the highest.

In item LO3, students reflected on their learning
achievements and answered what new learning they had
during the VR sessions. Due to the openness of the possible

Understanding

Identification

3D visualization

Visualization

FIGURE 4

The categories that emerged in questions LO1 and LO2 have a
hierarchical structure, with visualization as the most basic
learning objective and understanding as the highest
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answers, we analyzed the emerging categories differently
because they do not have a hierarchical structure. We present
the results in Table 5. In a few cases, students’ answers could
fit in more than one category, so we considered them in all
the categories they could fit. We found that the most frequent
category was that students learned about 3D vectors in general.
This broad category was sometimes present with the categories
Angles, Projections, and Components, which are all related
to specific learning topics about 3D vectors. In Figure 5,
we present how the categories Angles, Components, and
3D Vectors interacted; these categories were the three most
frequent that pertain to the disciplinary learning of vectors. The
next big category was Virtual Reality. Students categorized their
learning consistently. We observe that the largest proportion
of students mentioned 3D vectors which is what the tool is for.
The second largest proportion is the angle in which it is the
content students struggle with most in this course. The gain
results of the pre and post-questionnaire are evidence that they
learned better angles using VR.

Components

3D
Vectors

Angles

FIGURE 5

We represent the interaction between the 3D Vectors,
Components, and Angles categories. We present a weighted
Venn diagram generated using EulerAPE (Micallef and Rodgers,
2014).
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TABLE 5 Description of categories for question LO3.

10.3389/feduc.2022.965640

Category Description Example LO3 (%)
3D Vectors Students mention they learned about 3D vectors in general. “How to work with 3D vectors.” 31
Virtual Reality  Students specify they learned to use the VR tool. “How to use VR.” 25
Angles Students specify they learned to obtain the angles of vectors. “Ilearned to get the different angles: alpha, beta, theta and phi.” 18
Components Students specify they learned about the components of vectors. “Helped me identify the vectors in the different quadrants, just 11
by seeing the i, j, k components.”
Visualization Students specify they could visualize some aspect of vectors. “I related the equations visually.” 8
Projections Students specify they learned about projections of vectors in planes. “The [vectors’] shadow on the x-y plane.” 6

Since more than one category may be present in the same answer, the percentages do not add up to 100%.

Qualitative analysis of students’
experience

We present the results of the third subordinate research
question: How do students perceive their VR experience
in learning three-dimensional vectors in an introductory
physics course? This section analyzes some aspects of students’
experience using VR. We found that 85% of our students
had not had previous experience with VR in other courses,
so this was their first VR experience. It is important to
describe students’ experiences from two perspectives, their most
valuable takeaways and the factors that could have affected their
experience negatively.

In Table 6, we present their most valuable takeaways,
which are identified in four categories: educational experience,
learning, virtual reality, and visualization. In the previous
section, we see that these categories are congruent with students’
answers about their learning objectives. For example, we get here
two categories that are related to learning outcomes: learning as
a broad category that includes several aspects, and visualization,
which we identified as the first level of the learning hierarchy in
Figure 4. Furthermore, we see that 25% of students answered
that they learned using the VR in Table 5, and 25% of students
described that using VR was their most valuable takeaway from
the experience in Table 6, so we see that for one quarter of
our students the VR was a lesson in itself. These findings are
supported by item E5, in which we found that using VR tools
helped meet the expectations of 91% of students who answered

« »

yes.
Table 7 presents the aspects that could affect students’ VR

experience. The categories that emerged when analyzing item
E3 were motivational aspects, such as attention and interest,
and limitations such as their poor familiarity with the VR tool,
the content knowledge, and time. We think it is important
to acknowledge that students have their own limitations
and that implementing a new and exciting technology in
class will not mitigate these limitations completely. Students
recognized two motivational aspects that could affect their VR
experience: attention and interest. Together, they represent 37%
of the students. Also, when introducing new technologies in
the classroom, there will be limitations of familiarity with the
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technology and the time of instruction. Analyzing item EI,
we found that 75% of students prefer VR sessions of 30-
60 min; More precisely, 38% think the sessions should be
anywhere between 30 and 59 min, and 37% think they should
be 60 min long.

Discussion

Our findings suggest that using VR in a vector course
positively impacts learning three-dimension vectors and
positively impacts students’ perceptions of the experience
of using that tool. Emerging technologies in education are
becoming more common in recent years (Chou et al.,, 2001;
Broisin et al., 2017; Paxinou et al,, 2020). One of the main
objectives in any use of technology, however, not the only
one, is the impact technology has on learning. However,
learning can be improved with the use of the tool and by
motivating students to learn with a positive experience using
the technology.

The 14-item pre and post-questionnaire results and the six
items in which the visualization takes an important role are
evidence that this technology has potential for the learning of
vectors. We realize that the use of VR for visualization helps
students in general with the course contents, i.e., the overall
gain was the same for the control and experimental groups;
however, on those items in which the visualization is necessary,
students in the experimental group had a better result. Taking
as reference the description of the ranges in values for the
learning gain in some other topics in physics (Hake, 1998), the
results for learning gain for all students in this course is in
the middle range. According to the characterization of Hake
(1998), this result indicates that this course uses active learning
activities. However, the results are different in those items in
which visualization was essential. Students in the control group
obtained a learning gain in the range considered low, and for
students in the experimental group, their gain was still in the
middle range. This evidence that the VR technology used in
vectors helps students better understand some content in which
visualization is an essential tool and has no effect on other types
of content.

frontiersin.org


https://doi.org/10.3389/feduc.2022.965640
https://www.frontiersin.org/journals/education
https://www.frontiersin.org/

Campos et al.

10.3389/feduc.2022.965640

TABLE 6 Description of categories for question E2: “I think the most valuable of this experience was.”

Category Description Example E2 (%)
Educational experience  Students describe aspects of the educational experience, suchas ~ “That the professor took the time to teach us this topic with a 29
the professor’s involvement, the time, the experimentation, and ~ new technology, so that we could understand the topic better.”
the educational innovation or technology.
Virtual Reality Students describe that the use of VR was the most valuable “Learning to use VR.” 25
takeaway.
Visualization Students describe that the ability to visualize the vectors was the ~ “The experience of visualizing the vector in real life.” 25
most valuable of their experience.
Learning Students highlight learning as the most valuable takeaway. “Understanding the topic excellently.” 17
Other Unclassifiable answers 4
Total 100
TABLE 7 Description of categories for question E3: “If the sessions were not helpful, it could be because of.”
Category Description Example E3 (%)
Attention Students describe that their lack of attention affected their “I was not paying attention to the explanations.” 31
experience.
VR use Students describe that not knowing how to use the VR “That I did not understand well how to use it.” 18
beforehand affected their experience.
They were helpful Students do not provide an answer because they specify that the “They did help.” 11
VR experience was helpful.
Time Students describe that the time was not enough. “I did not understand many things because they were too fast.” 8
Interest Students describe that their lack of interest affected their “Lack of interest.” 6
experience.
Knowledge Students identify that their knowledge was limited. “I did not understand the theory.” 5
Other Unclassifiable answers. 7
Unanswered Students left the question blank. 14
Total 100

The results of the experience survey (subsection Student’s
Perception of Learning Outcomes Achievement) present
positive student perceptions of the use of this technology. The
15-Likert type items (see Table 3) are part of the evidence of how
students perceive the technology as a learning tool and the value
of the tool. In the learning tool dimension of the survey, the
students’ agreement is between 82 and 97%. Students perceive
that VR helped them better understand the vector concepts in
the class, such as the three-dimensional vectors, visualization of
the angles, and components of vectors. If we look at the pre and
post-test questionnaire results, we have evidence that this is not
only their perception; students did better on those concepts.

There are also positive students’ perceptions of the value
tool dimension. However, in this dimension, the results are not
as good as in the learning tool dimension. We interpret the
best results of this dimension to be in items in terms of access.
Students agreed with “It would be great to have VR to use at
home” since, in that way, they could have used the tool in a more
flexible way (access to the tool). Moreover, students agreed with
“The next semester, I will definitely look for some VR support”
which is another way of access for future use that could have
come in handy in other courses.
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On the other hand, the lowest proportion of agreement came
in items for which students were asked for extra work. The
items “I would like to come to the VR lab by myself and work
on preassigned material” and “I would equally attend the VR
sessions if they did not count toward my final grade” have this
characteristic. They are items in which students have to do extra
work, either going to the lab or doing the activities without
credit. However, students still have positive perceptions, with the
agreement of 67 and 77%, respectively.

Table 4 and Figure 4 show a connection between students’
perceptions and what they learn. Table 4 shows that the
percentages for each category (each level) are similar for
components and angles. The difference is in the 3D visualization
and identification. However, the results agree with the content.
In LO2 (angles), students think more about identifying them,
which is one of the most challenging tasks in this topic.
On the other hand, in LOl (components), students think
more of the 3D visualization, which is essential for vectors
in three dimensions. In particular identification, the highest-
level category besides understanding has 37% for angles,
which is essential to answer some pre- and post-questionnaire
questions.
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We also found that some students value the technology
by itself. Table 5 shows that 25% of students answered
that what they learned was the use of VR, opposite to the
rest, in which they mentioned content (3D vector, angles,
components, projections) or tools for learning like visualization.
The same happens in Table 6, in which 25% of students
described that using VR was their most valuable takeaway.
In any use of new technology, some students will pay more
attention to the technology instead of what the technology is
used for.

A small proportion of students blame VR whether they have
problems learning. In Table 7, we present evidence of that tiny
proportion. It is helpful to identify blank answers because of how
the question was framed. We asked students to provide a reason
if the sessions were not helpful, so the students who left the
question blank probably did not think of why the session would
not be helpful. This, supported by the category “They were
helpful,” adds to 25% of students. We think this is a promising
finding because, regardless of students’ limitations, we can see
that at least a quarter of students’ experiences was not affected
negatively by internal or external factors.

Conclusion

In this study, we examined the impact of virtual reality
on students’ learning and perception of the experience in a
university introductory physics course in which vectors are
part of the content. We used PC-powered VR equipment,
each one with two controllers to interact with the virtual
environment. We used Gravity Sketch, a software that allows
students to manipulate vectors through a three-dimensional
grid. It is possible to visualize, draw coordinate axes, identify
components and angles, locate the vectors in the grid, and
measure the vectors’ length. The students worked in teams with
preassigned activities that guided their use of the VR equipment
and promoted observation. We had one control group and one
experimental group. We measured their performance in a pre-
post questionnaire and a survey about their perception of VR’s
use regarding their learning objectives and their experience in
the VR sessions.

We found that on those items in which the visualization
was important, students in the experimental group, i.e., using
VR, did better than those who did not use VR. We have
evidence that VR can help students visualize angles and
components that help them solve problems better. It does
not help students with all content, only on those problems
in which the visualization has a central role. The use of VR
technology positively impacts students’ perceptions of their
experience. They value the VR assistance to help them better
understand the vector concepts in the class, and some value
the tool even if its use does not count toward credit. Students’
perceptions agree with their learning. Students perceive that
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VR helped them visualize angles and components essential for
their performance in our content questionnaire. Some students
will pay more attention to the technology instead of what
the technology is used for. About one out of four students
still found the use of VR as their most important learning.
Finally, we found a small proportion of students who blame
VR whether they have problems learning. Most of them blame
personal reasons.

The limitations of this study might be that we developed
our experiment in a Mexican university with specific university
content. However, for instance, comparing our university
educational system to that of the US, there are not many
differences. Students study the same mathematics and physics
before college and in their first year in a university engineering
degree. We believe our results would be comparable to
those in other universities worldwide whether VR is used in
vector teaching.

This study’s findings contribute to the knowledge of using
technology for education at the university level. This study
helps instructors consider how they can incorporate VR in their
classes, and we encourage university instructors to use VR in
their classes. For future studies, we recommend using VR in
other physics topics in which visualization is essential, such as
electricity and magnetism, a discipline in which the object, the
physical quantity (e.g., electric field) is abstract. The only way to
access the object is through representations, something virtual
reality can help.
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APPENDIX TABLE 1 Eight multiple-choice questions that required explicit computation of magnitude and projection of specific vectors.

Item

Question

Options

Q7

Q8

Q9

Q10

Qll

Q12

Q13

Ql4

Calculate the magnitude of the vector A = 2.5i + 3.8j + 4.6k

Calculate the magnitude of the vector B = 5.3i - 2.2j - 3.7k

Calculate the magnitude of the vector C = 6.8i - 5.1k

Calculate the theta angle of the vector A = 2.5i + 3.8j + 4.6k

Calculate the alpha angle of the vector B = 5.3i - 2.2j - 3.7k

Calculate the beta angle of the vector C = 6.8i - 5.1k

What is the projection of the vector A = 2.5i + 3.8j + 4.6k on the x-y plane?

What is the projection of the vector B = 5.3i — 2.2j - 3.7k on the x-y plane?

a.4.55
b. 6.47
c.41.85
d.10.9

a.46.62
b.5.74
€. 6.82
d.11.2

a. 1.7
b.11.9
c.72.25
d. 8.5

a.44.7°
b. 67.3°
c. 157.3°
d.134.7°

a. 129°

b. 108.82°
c. 39°

d. 18.82°

a. 0°

b. 36.87°
c. 90°

d. 180°

a.251
b.2.5i+4.6k
c.38j+4.6k
d.251+3.8j

a.32.93
b.5.74
€. 6.82
d. 3.1
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