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Abstract: The use of technology, which is linked to active learning strategies, can contribute to better
outcomes in Mathematics education. We analyse the conditions that are necessary for achieving an
effective learning of Mathematics, aided by a robotic platform. Within this framework, the question
raised was “What are the conditions that promote effective active math learning with robotic
support?” Interventions at different educational scenarios were carried in order to explore three
educational levels: elementary, secondary, and high school. Qualitative and quantitative analyses
were performed, comparing the control and treatment groups for all scenarios through examinations,
direct observations, and testimonials. The findings point to three key conditions: level, motivation,
and teacher training. The obtained results show a very favourable impact on the attention and
motivation of the students, and they allow for establishing the conditions that need to be met for an
effective relationship between the teacher and the technological tool, so that better learning outcomes
in Mathematics are more likely to be obtained.

Keywords: educational robotics; active learning; educational innovation; mathematics learning;
case studies

1. Introduction

For a long time, human beings have endeavoured to develop new methods to perform tasks
in an easier way, with the aim of doing those activities that benefit him in any area of his life faster
and more efficiently. It is then that technology comes into play. Despite the fact that technology has
several paths, it can be assured that each and every one of them has a common purpose: to help
humanity solve some problem that is inherent in it. Information and communications technologies
(ICTs) currently occupy an extremely important place in society and the economy. Their importance
has been increasing enormously. The concept of ICT has emerged as a technological convergence
of electronics, software, and telecommunications infrastructure. Robotics is one of the expressions
of technology whose application has extended to various contexts of life. In the educational field,
it becomes a valuable resource to facilitate learning and develop general skills, such as socialisation,
creativity, and initiative in students today [1].

Speaking of education, the results in the latest PISA test showed that Mexico’s performance is
below the OECD average in science (416 points), reading (423 points), and Mathematics (408 points) [2].
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According to [3], one of the main causes of school failure in students is a lack of interest and boredom.
This is mainly due to the fact that, in most cases, the current education is not interested in generating
innovative activities that favour the participation of their students. For this reason, the use of ICTs
has been promoted within the classrooms. The use of new technologies allows for an incentive
towards learning in students of different educational levels, and the learning of Mathematics is a very
specific area.

One of the most relevant challenges in Mexico is the attitude towards learning Mathematics.
Currently, it is a necessity that Mathematics instructors find better ways of teaching; this would
allow for students to be more empathic and make sense of this area of knowledge. Thus, in most
classes nationwide, teachers do not improve the use of teaching materials, due to a lack of creativity,
time, proper training, or planning. Hence, the importance of showing how technology allows
for significant improvements in attention and motivation towards Mathematics, which, in turn,
allows for an improvement in training programs and teaching practices; thus, achieving a positive
impact on student learning. The principles of mathematical modelling include learning on our own;
using technological devices and basic productivity tools to investigate and produce learning material
in an ethical and efficient manner; and, applying numerical, algebraic, and geometric procedures for
the understanding and analysis of real situations. The use of a technological platform would help to
fulfil the expected objectives.

Although there are already ways to incorporate technology in the classroom, it is still not very
common to use robots as a support tool for lesson delivery. Robotics in the classroom not only allows
to study topics of automation and process the control in the area of technology and computer science,
but it also serves as an aid in learning different areas of knowledge. The robots arouse interest in
students, as they are concrete objects striking. An educational robotic proposal can be implemented
under an approach that takes the learning environment, the planning of activities, resources, the time
needed for the realisation of each of these, and the methodology to perform them into account. In this
framework, active learning with strategies for doing, reviewing, learning and applying can be of
support to contribute with the construction of mathematical knowledge. When joining these resources,
one could ask oneself: What are the conditions that promote effective active Math learning with
robotic support?

1.1. Learning Mathematics in Mexico

Mathematics is a universal language that contributes to the development of logical thinking,
the ability to reason, and to face new challenges. Learning Mathematics is a subject that emphasises
problem solving. If students think critically, they can solve problems effectively [4]. Mathematical
competences, according to the Organisation for Economic Cooperation and Development [5] refer to
students’ abilities to analyse, reason and communicate effectively when they identify, formulate,
and solve mathematical problems in different situations [6]. Mathematical competence “implies the
ability and willingness to use mathematical modes of thinking (logical and spatial thinking) and their
representation (formulas, models, graphs, and diagrams)” [7] (p. 164). Mathematical competences
must be placed as part of the key elements within learning for life.

The Government of Mexico states that the general purposes of learning Mathematics are:
(a) to conceive Mathematics as a social construction in which mathematical facts and procedures
are formulated and argued; (b) acquire positive and critical attitudes towards Mathematics; and,
(c) to develop skills that allow them to pose and solve problems while using mathematical tools, make
decisions, and face non-routine situations (Government of Mexico, n.d.). Thus, the profile of the
preschool graduate in mathematical thinking is [8]: “he or she counts at least to 20, reasons to solve
problems of quantity, builds structures with figures and geometric bodies, and organises information in
simple ways” (p. 68). For the primary education profile: “he or she includes concepts and procedures
for solving various mathematical problems, and for applying them in other contexts” (p. 74). Finally,
for secondary education: “he or she expands his knowledge of mathematical concepts and techniques
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to pose and solve problems of varying degrees of complexity, as well as to model and analyse situations.
He or she values the qualities of mathematical thinking favourable to Mathematics” (p. 80).

In Mexico, not all of the students have the same opportunities to learn. Those who cannot access
mathematical content in school are at a lifelong social and economic disadvantage. According to [2],
the lack of equal learning opportunities in the Mexican education system leads to the reinforcement of
gaps and inequalities in society. Learning in Reading, Mathematics, and Science remains below the
international average. According to the PISA report, only 1% of students performed at the highest levels
of competence and 35% of students did not achieve a minimum level of competence. The obtained
results continue to show a lack of competence in Mathematics [3].

Mexico seeks quality education that is innovative in its pedagogical practices, and that has the
necessary means for the integral development and greater well-being of its society. In order to achieve
this, socio-educational policies search for new opportunities in order to reduce inequalities between
communities, promote training in values, minimise gaps, and promote equity [9]. In this regard,
the Secretary of Public Education (SEP) and the National Institute for the Evaluation of Education
(INEE), highlighted the importance of reviewing and redesigning existing educational programmes
and modalities with the aim of: (a) facilitating access to all citizens, (b) encouraging the development
and use of new technologies, and (c) promoting the skills of all students in order to ensure a full
life. The integration of technologies and, in the case of educational robotics, helps to develop various
skills and promote the construction and acquisition of knowledge in general, and Mathematics in
particular. To this end, they designed the National Plan for the Evaluation of Learning (PLANEA),
which classifies those evaluated into four levels of mastery: I (insufficient), II (basic), III (satisfactory),
and IV (outstanding). This plan aimed to assess the teaching-learning processes and the learning
achievements in Language-Communication and Mathematics [10].

Thus, the Secretary of Public Education [8] raises the need to ensure quality of learning in basic
education, and educational inclusion and equity for the construction of a more just society. If we focus
on the area of Mathematics, we seek to modify the actions with innovative practices, integrating the
use of technologies in teaching methodologies for learning them, and promoting the development of
mathematical skills.

1.2. Educational Robotics

Educational robotics (ER), which is also known as pedagogical robotics, is a discipline that aims
at the conception, creation, and implementation of robotic prototypes and specialised programs for
pedagogical purposes [11]. ER is not a new concept, but, rather, it has been growing exponentially
in recent years. It has a major impact on learning [12], and it is associated with the STEAM
disciplines (Science, Technology, Engineering, Art, and Mathematics) for the development, skills,
and understanding of mathematical, physical, engineering, and related concepts [13–15]. Across the
various faculties and universities, and in order to reduce the gender gap in STEAM careers, we have to
train students in/with robotics related skills in all disciplines. Additionally, in this way, promote learning
centred on the student, on his or her interests, and on the demands of society, using innovative
methods; and, promoting critical training, in order to develop active and co-participating citizens in
today’s society [16,17].

It could be defined as “an interdisciplinary discipline, which requires the construction of a
technological object with a specific purpose (some authors call it an educational robot, others call it a
robotic prototype, others refer to automatisms . . . ); it aims at the pedagogical field; and it develops
key competences and skills for the students of the 21st century” [18] (p. 4).

The integration and use of educational robotics in the teaching-learning process in pre-school,
primary, and secondary levels can become visible, and be a turning point, as a resource to address
the diversity of the classroom, as a means to help the inclusion of all students, as well as keep them
active and motivated [15,19–21]. Additionally, it can be utilised as a tool to promote the construction
of knowledge and the achievement of results. Therefore, when working with ER, apart from working
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on science and technology, the aim is to promote other cross-disciplinary skills, such as: creativity,
communication, collaboration, critical thinking, teamwork, innovation, the development of solutions
to problems, digital skills, and computational thinking [22,23]. In order to do this, teachers must have
basic knowledge to be able to teach the contents with robots [24].

Introducing students to the areas of science and technology, in the case of Mathematics, through play
and constructionist learning in order to generate new knowledge, is one of the goals of the usability of
ER in the classroom. Learning with robots offers students intrinsic motivation, and invites them to
investigate, foster their curiosity and imagination, to ask questions, to work in teams, to overcome
challenges, to make decisions, and to be responsible of their own process [12,25].

There are many robots on sale, according to shape, size, function, working environment,
and autonomy. Depending on the shape, we find: zoomorphic (imitation of a creature, e.g., bee),
humanoid (reproduction of the shape of a human and its movements, in this case, the NAO
robot), hybrid (combination of the above), and polymorphic (different shapes, adapting its structure
according to the task). The size of the robots can be: robots, microrobots, nanorobots, or nanobots
(the smallest, nanometric size). Function: domestic, medical, military, entertainment, space, educational,
among others. In relation to the work environment: stationary robots (they are fixed and immovable,
they are the majority of industrial robots), ground, underwater, air, and microgravity robots.
Additionally, in terms of their autonomy: tele-operated (drones) and semi-aquatic [26].

The NAO robot, humanoid robot, was born in 2008 and developed by the company Softbank
Robotics, we are currently facing the model evolution v5. The NAO robot measures 58 cm, weighs no
more than 5 kilos, speaks, listens, sees, relates to the environment as programmed, and interacts
naturally. It is capable of perceiving its environment from multiple sensors. It is composed of
two cameras, four microphones, nine tactile sensors, two ultrasonic sensors, eight pressure sensors,
an accelerometer, a gyroscope, a voice synthesiser, and two speakers [27]. The robot includes a
graphic programming software, Choregraphe, which allows accessible communication with the NAO;
this software is a graphic programming interface by means of blocks, which provide specific tasks for
the NAO [28].

NAO has two key advantages: (1) its versatility (customising its functions and individualising
its uses) and (2) its body language (freedom of movement, adapted to the environment, manageable
and friendly, and it is designed for any age). In relation to Education, NAO is designed to be used
from the age of five up to university. Its use in the classroom means that the students are more playful,
motivated in the learning process, able to interact and communicate, and establish a link between
theory and practice. On the part of the teaching staff, they have more engaged students, and more
dynamic classes, promoting student interest, and obtaining results of the programming in real time.
As far as researchers are concerned, NAO has been used in different universities, as it is considered to
be ideal for practical experiments, as it is an intuitive software that offers endless possibilities with
multi-language programming [27].

1.3. Active Learning and Robotics in Mathematics

Learning environments for Mathematics require the diversified use of methods, techniques,
and strategies that support the acquisition of processes of analysis and construction. One technique
that has proven to be effective in developing mathematical skills is active learning. In active
learning, the teacher uses a methodology that seeks to promote the participation of the student as
a prosumer of knowledge [29]. In this technique, the teacher must plan continuous stimulation
activitie, so that the student individually or collectively performs procedures of higher order: analysis,
synthesis, interpretation, inference, and evaluation [30]. According to [31], the family and community
socio-productive activities in which students participate in on a daily basis constitute areas of experience
that demand their incorporation into the didactics of Mathematics focused on problem solving.

It is important that the practical experience that students have had regarding mathematical
reasoning be considered within the teaching of Mathematics in a formal school space, with the
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support of practical research. In the study [32], the impact of the use of an Adaptive Tutoring
System (ATS) on the development of three mathematical competences was measured: the use of
symbolic language, modelling of mathematical problems, and problem solving through mathematical
reasoning. Research [33] suggested increasing the level of student mastery of mathematical concepts,
while applying the concept of active learning that involves collaborative metacognitive activities
among students during the learning process. Through this strategy, it was possible to improve the
understanding and mastery of mathematical concepts.

The current educational practices postulate learning as a construction of knowledge, the attention
has special relevance in the storage and integration only of the information that is relevant, becoming an
element that the student must actively train. Thus, active, dynamic, participative learning, far from
passivity, is done with the attention and concentration focused and directed towards the significant
elements of it; only in this way, the acquired knowledge will be permanent and effective. In conclusion,
attention and concentration are both basic elements of all learning. Project based learning has
a key place in active learning. Project-based learning is an example of active learning and it is
a current instructional strategy that is driven by students in an interdisciplinary, collaborative,
and technology-based manner [34]. Students who implement project-based learning perform better
after using this method in teaching and learning sessions [35].

The phases of active learning are differently defined, depending on the author who writes about
them. Nonetheless, the main elements remain common among models. One version that is quite easy
to understand is presented in [36,37], and described in detail in Table 1.

Table 1. Stages of active learning.

Stage What Is It? Student’s Responsibility Learning about Active Learning

Do
The tasks stimulate the students’

activity (games, discussion of cases,
dynamics, problem solving . . . )

Students choose and plan
their work strategies.

Students are encouraged to observe
aspects of their learning while they

are involved in the tasks.

Review
Students stop to become aware of

what happened in the process, what
was important, how they felt.

Students monitor their
progress and review

their plan.

Students describe what they observed
and review their learning (objectives,

strategies, feelings, context, etc.).

Learn
The new ideas and perspectives that
the activity allowed to generate are

made explicit.

Students can identify for
themselves what they

have learned.

Elements affecting progress are
identified and new

strategies proposed.

Apply

Future actions are planned in the
light of the new findings or

knowledge. The possibility of
transferring what was learned to

other situations is discussed.

Students review their
plans taking into account

their recent learning.

Students plan how they will continue
to observe and experience their

learning strategies.

Source: [36] (p. 30).

Furthermore, in [38], it is explained how active learning is not a subject area competence
(Table 2), but that there is a wide variety of ways in which it can be used in the life of the classroom:
from an individual activity to the development of a group project. In all of them, the same processes
and principles are applied: Do, Review, Learn, and Apply.

Table 2. Examples of active learning in a range of subjects.

Subject Do Review Learn Apply

Maths Tackle a problem Review strategies Compare effectiveness Prepare for next challenge
English Create a draft Try out with a reader Consider feedback Redraft and publish

Technology Construct a product Test its function Examine evaluations Redesign
History Collect sources Identify points of view Synthesise Make sense of another situation

Source: [38] (p. 76).
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The examples that are shown in Table 2 follow a similar process, a process that can be described
as a cycle. This cycle models the process of learning from experience with four phases: Do, Review,
Learn, and Apply [37,38]. To this cycle, it is also important to add a previous stage in doing, Planning,
as shown in Figure 1, below.

Figure 1. The active learning process (adapted from [36]).

When planning the teaching-learning processes, teachers focus on the experience they want to
show and carry out with the students. To this end, the model of the phases presented by [37] can help
them to acquire the learning. Active learning has been integrated to support the construction of
mathematical knowledge, both at the basic education level while using open educational resources
and learning objects [39] and in higher education in virtual and remote laboratory environments [40].
Project-based learning enhances students’ academic performance.

When planning the teaching-learning processes, teachers focus on the experience that they want
to show and carry out with the students. To this end, the model of the phases that are presented by [36]
can help them to acquire the learning.

Math teaching can find great support in the use of technology. Math learning should be
done while using instructional media [41], particularly visual learning media, with the support
of technology-based ecosystem environments) [42]. Ref. [43] confirmed, through their research,
that students who access a multimedia environment provided by their teacher on a blended learning
basis can perform significantly better than those that are taught in the classroom. In [44], the design
principles that underlie the development and delivery of a blended learning professional development
program for high school mathematics teachers were analysed and theoretical frameworks where
face-to-face and computer-mediated instruction, teacher identity formation, and structural and basic
characteristics of effective teacher professional development are coordinated were identified: the form,
duration, and coherence of activities; the nature of teacher participation; focus on content knowledge
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(mathematics); and, opportunities to engage in active learning. The implementation of visual and
technological resources has had good results in the teaching-learning process of Mathematics.

Numerous studies have been conducted on technology applied to the teaching of Mathematics.
Ref. [45] developed a research that allowed concluding that cognitive, affective, and metacognitive
factors can be modelled and supported by intelligent tutoring systems. The system also helped
to improve Math performance on standardised tests, as well as improve student engagement and
affective outcomes. In [46], their study found that students who learned using Microsoft Mathematics
performed higher on their assessments and a positive effect on student confidence in Mathematics
was observed. The work [47] focuses on the description of the principles on which a hypermedia tool
(Hipatia) is based and then analyses its impact in three key areas: the learning process of students in
Mathematics, their self-management, and affective-motivational variables, such as perceived utility,
perceived competence, intrinsic motivation, and anxiety towards Mathematics. The studies focus not
only on the cognitive aspect, but they also analyse other elements, such as motivation and confidence.

2. Materials and Methods

In all scenarios, the robot was used as a support tool, which facilitated the teacher’s action in the
execution of explanations, interactions with students, and review of results. The design and execution
of the robot intervention was different for each scenario. It is important to point out that decisions by
the administration of each school limited the participation of the protocol in each one of them; therefore,
the number of visits, duration of interventions, and application of tests was different, in accordance
with the guidelines that each school determined and approved for the execution of the protocol.

2.1. Plan

To develop this project, several aspects were considered, and a selection of topics was carried
out for the planning of robot support for the different scenarios. The main aspects to consider are the
number of visits, measurement tools, exams, and interviews, as described below.

Visits: in the case of the primary school, two visits were carried out on consecutive days,
having almost one and a half hours to carry out the planned routines in mathematical reasoning,
through activities to work with distance measurement and fractions. Our project team carried out
the visits. For the secondary school case, the robot assisted in four full 50-min. classes, one for each
visit. In each session, the teacher used the robot at certain times that were previously defined in the
design of the sessions. Finally, in the case of high school, the robot visited the class on a daily basis for
a week. Three visits were done at different times of the semester. The first visit was carried out in
an introductory way, so that the robot had already been presented with the students for creating a
first impression by them. The next two were to support the teacher in the topics established from the
beginning. It was the teachers who manipulated the robot when they needed it.

Measurements: in each scenario, a control group and an experimental group were established.
Same interventions or classes were carried out with the intervention of the instructor or with the
instructor using the robot. The intention was to compare and be able to measure the impact that
the robot had among the students. Therefore, tests with numerical results were applied, as well as
observation scales in order to measure motivation [48]. Both of the tools were applied in two types of
groups. Only in high school were the tests were given before and after starting the robot interventions.
In addition, interviews were carried out on the experience carried out with the participating teachers
and, in the case of high school, with the students.

Tests: the tests were different for each scenario. At elementary school, a questionnaire was applied,
and the students had to solve a mathematical exercise based on the explanation of the topic made by
the robot. This exercise was chosen from the Mathematics book that was used by the course teacher,
and the number of correct answers, in this questionnaire, was accounted for. For secondary school,
an exam was conducted on the topics chosen by the teacher, those where there was support from the
robot. Almost all of the exercises were about Analytical Geometry. The design of these exams was
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done by the teachers in charge of the two groups. In the case of high school, the applied exams were
designed and were considered in the planning of the course from the beginning. That is, they were
the standard exams that are commonly applied in the subject of Trigonometry, coordinated by the
Department of Mathematics of the institution in question.

Interviews: they were carried out in order to find out the opinion of the teachers involved,
and the more formal implementation of the structure of the interview, as well as the testimonies of the
students and teachers, was established in the high school. As can be appreciated, the protocol became
more formal as experience was gained from the previous scenarios. In Section 3.1 of this document,
more details of each scenario are given, and a more detailed quantitative analysis of the obtained
results is carried out.

The planning for the project is summarised in the following three aspects:
(1) The robot: as mentioned above, a NAO robot was used to support the teacher. The robot

delivered the explanation of the topic to be developed, provided that the appropriate environment
was put in place. In addition, sometimes it guided the exercises that were established by the teacher.
Furthermore, the robot confirmed to the students whether the exercises had correct results. Figure 2
shows the general way in which the robot interacted.

Figure 2. Structure of the sessions.

(2) The scenarios: primary school, two groups of 3rd and 5th grades were visited, with the
completion of mathematical reasoning exercises in two consecutive visits. The teacher did not directly
use the robot, which carried out demonstrations of previously chosen topics, but was autonomous
in carrying out the activities. Before and after, questionnaires were made to the students in order to
compare the performance obtained.

For secondary school, four visits were made to the school, with a control group and a treatment
group (using the robot), before and after exams were compared, in addition to the observation scales
of motivation and attention for the students. The teachers selected and designed Math exercises for
their execution.

In high school, performance and motivation were observed in five groups, two experimental
and three control groups, during an academic semester with daily visits in full intervention weeks.
The subject was trigonometry and the teachers designed and planned the exercises, with greater control
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over the way the robots intervened. Before and after, the results in the semester were compared as well
as the measurement of the students’ attention.

(3) The measurements: for quantitative analysis, according to the scenario, teachers applied tests
and/or exercises, aimed at measuring the students’ learning, and most of them were conventional exams.

In all of the scenarios, a qualitative analysis was carried out, based on previous works [47]. In these
analyses, the applied scale was composed of the following indicators: concentration (precision and
recall), habituation, withdrawal, distraction (neglect), and interest in the task (motivation and
enthusiasm). Based on the definition of care and the indicators that compose it, operational definitions
of these indicators were developed to be later translated into observable items of dimensions of care.

The analysis and taking of the scales were carried out by students of Psychology, taking care to
observe the guidelines of the reference indicated in terms of human behaviour.

2.2. Methodology

We explored different approaches in three different scenarios in order to shed light on what
constitutes a successful application of a robotic platform for enhancing active learning.

The scenarios were divided by educational level. That is, elementary, secondary, and high school
settings. Each one of the interventions is described below.

Scenario 1: elementary school. There were two interventions undertaken to two sections of
the third and fifth grades, with 28 students each. For these visits, activities were planned without
teachers’ involvement. They limited their participation to allowing the research group to enter the
room and coordinate the activities, manipulate the robotic platform, and perform a brief interview at
the end of the session, both for students and teachers. Evaluation was done by applying quizzes to
sections where the robot was used, and to others where it was not, so that a results comparison could
be made.

Scenario 2: secondary school. For this scenario, visits were performed every Friday for an entire
month. This time, two sections were provided use of the robotic platform, and another one was
observed as a control with no treatment. Each section had 25 students enrolled. Another variation was
that, this time, teachers were involved in planning the activities, including the topic to cover, and the
way that the robotic platform was to be used. A group of psychology students was active making
observations throughout the process, and capturing both qualitative and quantitative information for
later interpretation. Interviews with students were also performed. The emphasis was on assessing the
levels of attention and motivation gained by the students translated into measurement scales, as well
as performance on the subject matter.

Scenario 3: high school. For this scenario, the actions became more complex. The robotic platform
was applied to two treatment groups, and observations were also made to three control groups.
The robot was used in every class during an entire week at the beginning of the course, then it was
done again in the middle, and at the end of the course. The involvement of teachers in this case
was intensive, being trained in the use of the robot, and deciding together the moments and themes
where the robot would intervene. Pre- and post-tests were performed for all sections, in order to
compare performance results. Additionally, as in the previous scenario, Psychology students undertook
behavioural observations and made interviews and testimonials.

For all scenarios, an assessment on how well the process met the requirements of the four
cited phases of active learning was made, assigning a rubric-like success categorisation for each.
This assessment was made qualitatively, and was based on panel expert discussions, drawing from the
experiences that were obtained at each scenario. A comparison was then derived in order to identify
the appropriate success factors.

Figure 3 summarises the overall methodological process.
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Figure 3. The robotics & active learning exploratory methodological process.

3. Results

3.1. Quantitative Analysis

The use of the analysis instruments that are mentioned in Section 2.1, of the different scenarios
grew gradually, starting in primary school, improving aspects of implementation in secondary school,
until reaching a more developed scenario, with a longer participation time in high school.

3.1.1. Primary School Tests Performed

Two different sessions were scheduled, taking into account that they were students from third and
fifth grades, for a total count of 65. In these sessions, it was evaluated how much attention the students
paid to the class, if they retained more information with the help of the robot, and results were compared
with a class without robotic help. The sessions were designed in order to address the following
topics: propagation of sound, the metric system, and whole number fractions. These topics helped to
develop mathematical reasoning and were approved as examples of application by the teachers. All the
academic procedures designed by the team followed the following structure: a personal presentation,
a presentation of the robot, a brief explanation of the topic, a learning activity, an exam, and a questions
session by the students.

For the propagation of sound activity, it was observed how far the sound could be detected,
having a “receiver” and a “transmitter”. In the session without the robot, the receivers would be the
students and the transmitter would be the teacher. Instead, in the session with the robot, the transmitters
would be the students and the receiver the robot. In both cases, the activity would consist of the
transmitter speaking at an initial distance and going backwards until the receiver can no longer hear it,
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once this happens the transmitter will begin to speak through a foam cone, until the same happened,
and later on by a paper one. In the case of the metric system topic, the activity consisted of the students
having a piece of tape 2-m long having a different colour every 20 cm. An object would be placed at
the beginning of this tape, either provided by the teacher or the Nao robot, and it would move forward
or backward through each colour. The student should observe the distance from the beginning to the
position of the object to attain a better perception of the measurements. Finally, the last activity was
to explain the components of a fraction, particularly how to convert a fraction with whole numbers
and equivalent fractions. To do this, some examples of fractions, equivalent fractions, and fractions
with whole numbers would be seen visually to make the subject clearer. Once the topic was explained,
an activity would be carried out reaffirming the knowledge acquired.

In the last session, Psychology students were present to observe the interaction of the teams.
The session was applied in two groups, in order to observe differences, and it only occurred in one with
the robot. In this session, the topic of fractions would be explained, and examples would be provided
for the students to observe. Later, an exercise chosen by the teacher would be carried out, from the
book of Mathematical Challenges for fifth grade students. To end the session, a test was applied in
order to measure the knowledge acquired.

Some of the results obtained for two of the indicated activities are shown below. Figure 4 shows
the percentages of students in a range of scores on the sound propagation test. It can be observed that
there was a reduction of 17% in the number of students who obtained a grade that is smaller than
seven, thus increasing the proportion of passing grades, which is six or higher.

Figure 4. Test result: sound propagation.

Figure 5 shows the results of the three parts of the session: initial prior knowledge test
(three questions), final test for comparison with the initial test (three questions), and final question
asked during the session.

Figure 5. Test result: fractions with whole numbers.

For the results of attention to the class with the robot, an observation scale made up of 34 questions was
used, which are grouped and measured the effect in the following dimensions: (1) concentration (precision),
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(2) concentration (recall), (3) habituation, (4) de-habit, (5) distraction, (6) interest in the task (enthusiasm),
and (7) interest in the task (motivation) [28].

In Figure 6, the results obtained on the observation scale are shown.

Figure 6. Results of the observation of the activity of the metric system.

When observing the set of all the graphs, it was determined that the favourable points for the
NAO robot are: greater concentration, less habituation and dishabituation, and greater interest in the
task (motivation). It has to be noted that lesser habituation and dishabituation are desirable, since they
indicate that the students will not become bored with the robot with time, and they will not create
a dependency on the robot either. There are no apparent differences for distraction and enthusiasm.
This can be the result of the influence of observers in the classroom, so it should be more deeply looked
into in future studies.

3.1.2. Secondary School Tests Performed

In collaboration with the psychology group, the directors of the institution and the teachers, it was
decided that the robot would interact with the students during four sessions of the Mathematics class,
on Friday at 7:35 p.m. The group that did not interact with the robot was observed during their Math
class on Friday at 2:30 p.m. Before each session, both of the teachers explained the objective of the
class and the robot would be prepared for its interaction (analytical geometry). Among the forms of
interaction were mainly the dictation of exercises, the response to those same exercises, answers to
questions that may have arisen during the class, and even participating as a student during the class.
Finally, during the sessions, the psychologists were in charge of observing the students and filling in
an observation scale.

Through the tests carried out before and after the sessions, the results of the tests that were applied
to the students were averaged, and that both of the observed groups obtained during the investigation.

The observation scales that were performed by the Psychology students turned out to be a more
influential tool for hypothesis verification. Thanks to these questionnaires, significant differences could
be found in the behaviour of both groups, as shown in Figure 7. This graph shows how behaviours
were present and how they varied through the different sessions. It is indicated in the “yes” part of each
session, and the frequency in which the behaviour was observed. Similarly, the “no” section indicates
the absence of each behaviour at certain point in time for each session. Thus, it is important to note the
increase in the “no” part for habituation (from 7 to 11) and distraction (from 4 to 5), from session 1 to
session 4, with this being favourable since they are unwanted behaviours.
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Figure 7. Comparison of the observed behaviour dimensions.

3.1.3. High School Tests Performed

The robot was a support tool for the teacher in the teaching of a hybrid teacher-robot class where
two topics of the subject were addressed. During the first visit, the topic would be the statistical analysis
of graphs. The disciplinary competencies to be developed are graphical representation of statistical
data and the generic competence was collaborative work. For the second visit, the collaborative activity
would be dealing with the right triangle solution in the measurement of inaccessible distances within
the campus facilities. The disciplinary competencies to be developed were right triangle solution and
generic collaborative work.

At this educational level, the teachers were co-designers of the entire research strategy, even controlling
the robot to a much greater extent than in the other scenarios. For this, experimental tasks were carried
out, divided by periods of six months each. The first was the design and planning of the sessions to begin
preparing the programming of the robots, following a structured script by the teachers in charge of the
groups. This task focused on the detection of errors in the programming of the robot and dynamics of
class teaching and their respective evaluation. The second was the teaching of class by a NAO robot and a
Math teacher, following a script that was similarly structured by the high school teaching team. It was
expected that the explanations and topics given by the robotic platform would follow the same thematic
guide that was used in the high school session plan.

Together, the behaviour of the students was analysed, through the application of a behaviour
observation protocol more appropriate for this scenario. The project was carried out in three control
and two experimental groups, with the intention of observing more aspects in a population of around
140 students in total.

Figure 8 shows the results of the exams applied as pre-test and post-test at the end of the semester.
In all cases, it is clear that the bar for the experimental groups is higher than the one for the control
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groups. This means that students scored higher with the use of the NAO. This is more evident in the
case of the second teacher, where the grades vary in a range of three to four points between exams.

Figure 8. Ratings obtained by the groups.

Figure 9 shows the relative percentage of occurrence of the different behaviours that were
organised by the dimensions of the observation scale during a class session (concentration, habituation,
withdrawal, distraction, and motivation). The percentage is used since the groups are not equivalent
in number of students and in the total frequency of the behaviours, then it is weighted on a percentage,
so that all are comparable.

Figure 9. Behavioural observations by dimensions and group.

It is observed that the most concurrent dimensions are concentration and motivation among all
groups. However, there is also a certain tendency for increase in these dimensions from the control
group to the experimental group in the respective groups of each teacher.

3.2. Qualitative Analysis

Based on the observations made, it was clear that attention and motivation were boosted for the
students at all levels. Nonetheless, the differences in the planned activities played an important role
in the level of success achieved for each one of the four phases of active learning amongst scenarios.
Now, we will discuss all three scenarios for each phase at a time.
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Phase 1: Do
At this stage, it is expected that some stimulating activities will trigger motivation and interest by

the students. It is expected that students themselves will decide on their learning strategy, and they
will reflect on the results along the way, while they are still performing the task.

For the elementary level case, the activities posed and the presence of the robot did, in fact,
stimulate the interest of the students. Nonetheless, they had almost no saying in the learning strategy.
Their autonomy was limited to trying to solve the problems in the best way possible, once the
instructions were given and understood. At the end of the class, they were to reflect a little on
how they felt during the activity, and an example was analysed for application in the real world.
Hence, a medium level of success was obtained in strategy decisions and in reflecting on one’s own
learning process.

The secondary level case was equally motivating in terms of the presence of the robot. For this
scenario, the teachers solved problems, which then needed to be addressed by the students with the
aid of the robot. During the process, partial results were analysed with the teacher, and corrections
were made accordingly. This represented an increase in learning awareness by the students. However,
it can still be considered to be a medium level of success.

Finally, when considering the high level case, challenges and exercises were presented for the
students to solve, which were designed by the teachers, and they used the robot as an aid for their
solution. Most exercises were trigonometric problems with examples. In this occasion, students were
responsible for establishing the route to solve the problem, using the robot as well as the information
that were provided in the class. The robot served as a tool for verifying results. Students received
feedback during the task, not only about results, but about the theme’s objective, thus restating the
results. This process was quite satisfactory for the independence of the students in deciding their own
learning strategy, and medium success was achieved for reflecting on their knowledge while doing
the task.

Phase 2: Review.
In this phase, it is expected that students will take breaks during the task to become aware of

what has just happened, what was important, and how they felt. Subsequently, they monitor their
own progress and review their plan. Finally, they document their observations and learning outcomes.

For the elementary school scenario, students commented on the routine that was shown to them
and explained, in their own words, what the session consisted of, and how well they believed they
understood the lesson. In the second session, they only mentioned how the robotic platform had
helped. On the first visit, the students discussed the experience, and commented about what was about
to happen in the second visit, but had no say in deciding what that would be, or relating it to their
learning process. No documentation was made by the students. The general success score was medium
for stopping to evaluate progress, and for monitoring it. Furthermore, it is low for documenting their
knowledge acquisition process.

For the second scenario, there were time stops to review and share solutions to the rest of the
class, discuss their efficacy, and reflect on the problems and results. They discussed their progress and
their experience with the robot. These results were within the desired range. However, documentation
focused more on their experience with the robot than in assessing their own learning process.

For the last scenario, the high school students discussed questions that are triggered by the robot
or the teacher. The class planning included review and adjustment times, and the students received
new exercises that were applied to alternative contexts in order to improve their comprehension of
the themes. Constant documentation was included in the process, making this stage considered to
be successful.

Phase 3. Learn
For this phase, it is expected that the new ideas that are generated by the activity be made

explicit. Students are responsible for identifying on their own their learning outcomes. Additionally,
they identify barriers for their progress and propose new strategies.
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In the elementary case, the objectives of the exercise were made explicit by students with the
authorisation of their teacher. Additionally, there was a conversation space provided for them to
verbalise what the experiment consisted of, but suggestions were only given as commentaries by
the students. These elements drive to give a score of medium, in terms of the first two elements,
but deficient in the proposition of new strategies.

The secondary school scenario, on the other hand, counted with a planned strategy to develop
via the robot and the teacher together to make the learning outcomes explicit. Even though it was
positive overall, it was not as effective as expected, since it resulted in being somehow confusing for
the students. Some exercises were assigned to externalise what was being learned, and students were
interviewed at the end. The comments gathered had no influence in the planning of the next sessions.
This phase was considered to be positive in making learning explicit, but medium for identifying
barriers and deciding strategies.

For the high school level, a space was given to analyse the learning process with the students,
and together define strategies for the next sessions. The identification of barriers fell, in turn,
a little short.

Phase 4. Apply
This stage is certainly the most complex, and it requires the greatest maturity of the students in

the use of active learning. Therefore, it is the most difficult to achieve. First, future actions are planned
based on new discoveries and learnings, and the possibility of transferring the knowledge gained to
other situations is examined. Students are in charge of reviewing their plans, building on their recent
learning experiences, and they move forward to plan future observations and experimentation of their
learning strategies.

For the elementary school scenario, this was not covered, since only some documentation of the
experience was made by the research team and considered for application in other similar contexts.
Nonetheless, this activity did not include teachers or students, making it deficient.

The results improved marginally for the secondary level students, where the experience lived
allowed for preparing and improving the process for future situations. However, no significant
participation by the students was observed for experimenting learning strategies, beyond some
reflections on the effectiveness of the robotic platform as an aid for their learning process.

Finally, the outcomes are far better for the high school scenario, where time was given to reflect
on lessons learned to assess the applicability of the process to other contexts and define pertinent
improvements. This was explicit also as an activity requested to the students where they had to
describe how to apply the knowledge obtained to other domains. The weak point, considered to be a
medium success, is that related to the relatively low impact of students’ recommendations to redefine
the course strategies in future scenarios.

Table 3 presents the summary of the success scores assigned in each case. The first score is the
predominant one, and the one after the hyphen indicates there is a small component in a higher or
lower category.

Table 3. Success scores.

Scenario Do Review Learn Apply

Elementary school Medium-high Medium-low Medium-low Low-medium
Secondary school Medium-high High-medium Medium-high Low-medium

High school High-medium High Low-medium High-medium

In summary, Table 4 shows the most relevant aspects regarding the tests carried out in the
three scenarios, not only qualitative and quantitative, but also a comment that we highlight about each
experience obtained.
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Table 4. Summary of observations and test results.

Scenarios Comparison

Quantitative results Qualitative results General comments

Elementary school

Even though the results
obtained in this scenario

cannot be considered
conclusive because the study

is exploratory and no
statistical analyses are

performed, it is reasonable to
derive from the observations

that students have an
improvement in grades

when the robotic platform is
present in the session. This

we can observe with the
group average, of the test

that was applied to all
groups, since it was always
higher in the groups with

robotic interaction.

By observing the results
obtained, it was

determined that the
favourable points for the

robot were:
T-Concentration

(memory)
-Less distraction

-Interest in the task
(enthusiasm)

-Interest in the task
(motivation)

The motivation was
clearly increased;
perhaps a not so

adequate trait is that the
control over the group
was not so favourable.

Teachers somehow also
became an audience for

the robotic platform.

Secondary school

It can be seen that there was
an improvement between
the pre-test and post-test

results in both groups.
This result was expected

because, during the
application of the tests,

the students did not have
enough knowledge to solve

the exam. Nonetheless,
there were many

confounding factors, since
groups varied in scheduled

hours of instruction and
assigned teachers, so results

should be viewed
with caution.

The results showed that
the majority considered
the presence of the robot

made the class
more interesting.

Some students assured
that the robot helped to
understand the issues,

and most denied feeling
uncomfortable with the
presence of the robot.

The teacher’s comments
stand out, as he had not
used this type of robotic
tool before. He was more

interested in knowing
how the robot works,
and held a favourable

position on the
introduction of new

technologies in
education, so he stated

that the group was more
attentive and it was

easier to control

High school

The results are only
descriptive, that is, analysing
the distributions of grades in
the groups (minimum and
maximum score, and the

concentration of the majority
of the students between

certain scores), the results
were better grades in the

experimental groups, and in
this case, the participation of

the teachers was
fundamental.

When comparing the
general results of the

traditional groups with
the experimental one,
the robotic platform is

useful for the
improvement of

interactions between
students. Furthermore,

when comparing the test
results and the opinions

of the students, it is
preferable to use the

platform in fewer and
more specific sessions

We observed that
students are protagonists

of their own learning
and the technological

platform allows a
constructive dialogue
between student and
teacher, promoting

reflection on the contents
reviewed in each session
scheduled for a visit of

the robot. Similarly,
in the design of each of
the classes, the teachers

included activities where
the student is the axis of

their own learning
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4. Discussion

These results lead to think that there are many factors at play that need to be considered. The robotic
solution will never result in significant learning improvement unless accompanied by the right strategy.
However, it is a great tool for attracting interest and motivating students to participate, regardless of
level. The active learning process, on the other hand, needs to be carefully planned according to level,
since the cognitive capabilities and styles of the students vary greatly depending on it. Invariably,
the robotic platform and the active learning strategy have a great potential to generate synergy and be
more effective when well harmonised.

Another issue that is worth mentioning is the level of involvement of the teachers. The more
prepared and comfortable to use the robot, the better they can plan and adapt their strategy, based on
the feedback and outcomes that were provided by the students. This allows for the flexibility needed
to customise learning strategies to each student and makes them responsible for their own learning.
In the long run, they may develop the right level of maturity to be real active learners. It is also
important to note that digital skills acquisition has greatly increased its relevance, not only for students,
but for teachers. Today’s digital agendas introduce two essential axes to work: on one hand, the trend
towards a digital education, and on the other, the acquisition of digital competences and skills for
digital transformation [49]. Studies, such as [50,51], highlight the shortage of digital competences in
initial training and the lack of knowledge and skills on educational technologies for teaching practice
in pre-school, primary, and secondary classrooms.

The time of exposure also seems to be an important issue. Those who were exposed longer to the
robot, and to well planned activities, obtained more significant results. One or two sessions might even
be counterproductive, as they raise expectations that will no longer be met, causing discouragement of
the students.

Finally, capturing behavioural data and observations may be greatly enriched when combining
techniques, even including the students themselves as self-documenters. Quantitative and qualitative
techniques and assessments will provide a better panorama of the situation. The documents obtained
always need be shared and discussed, to gain collective intelligence, and provide more robust changes.

5. Conclusions

In previous years, different scenarios have been developed, in which a humanoid robotic
platform has been used in order to increase motivation and interest in students towards Mathematics.
The presented case studies show that the proper use of a robotic platform, together with an appropriate
teacher participation, can mean giving high-quality hybrid classes, enhancing the student’s attention
to the topics that are exposed by changing the stimulus, and obtaining effective learning. The results
presented above show a numerical improvement in the scales that are used to assess the presence of
specific behaviours, and performance in all scenarios. Even though these results should be looked at
with caution, they provide a good perspective of the potential usefulness of Robotics in Mathematics
teaching. The ultimate goal is to make learning more meaningful, which should translate into better
grades and better abilities for students overall.

The study highlights the motivation of teachers to learn more about the use of robots. Beyond the
motivation that can be considered on the part of the students, it was the teachers themselves who
expressed an attitude of learning in order to integrate them into the educational experiences. The robot
is a mediating tool, but the teacher is the one who has the capacity of inventiveness to integrate it
in the classes. This integration helps to promote hybrid systems in learning environments, with the
teacher-robot binomial (this was observed, to a greater extent, in the upper-middle level).

This study was guided by the question: what are the conditions that promote effective active Math
learning with robotic support? The findings point to three key conditions: level, motivation, and teacher
training: (a) Encouraging active learning with emerging technologies (in this case, with robotics),
involves considering the educational level where the learning environments are targeted, with the
profile of students (levels of construction of learning) as a central focus. (b) The motivation, according to
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the profile of the students of the formative experience, where robotics helps personalised learning.
The introduction of robotics supports presenting the contents in a different way in order to change
how they are taught in an ordinary situation. (c) The formation of teachers as a relevant aspect,
where the pedagogical foundation goes beyond “programming the robot”, the teachers are the ones
who “should be programmed” for the didactic use that starts from the planning, the articulation of
strategies, the strategic arrangement of the moments in which the use of the robots is integrated,
and the evaluation of the effects.

Thus, robotics is one of many technologies that can support the processes for increasing
mathematical learning, where strategies cannot be left aside, regardless of the technology that
is being integrated. Critical thinking skills, digital skills, and teamwork skills are reinforced with the
introduction of these technologies, linked to the stages of doing, reviewing, learning, and applying
that are encouraged through active learning. Future studies could be geared towards deepening the
exploration of the effects of the use of robotics on the stages of active learning, and their contribution to
concrete mathematical knowledge acquisition. Similarly, it is worth analysing the teaching processes
in order to demonstrate the results of theoretical and practical knowledge when applying emerging
technologies, such as robots in their classrooms. It is required, in itself, to expand the studies of
management, psycho-pedagogical, and socio-cultural issues, in the application of technologies in
innovative learning environments.
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