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Abstract—Contribution: While previous research has studied
the use of educational robotics in classrooms, there is still a lack of
methods to support the development and evaluation of such tools.
To this end, this paper presents an evaluation framework and a
corresponding set of heuristics, which are specifically adapted to
the needs and expectations in formal education settings.

Background: The increased usage of educational robots in
classrooms, as well as the steadily growing number of alternatives
to choose from, raises the question of finding appropriate methods
for the development and evaluation of such tools. Yet the current
body of literature does not provide comprehensive frameworks
that allow to adequately address this question.

Intended outcomes: The work aims at providing an evaluation
framework, which could support researchers and engineers, as
well as educators and decision makers in taking informed
decisions about educational robotics systems.

Application design: This paper proposes to consider activities
involving educational robotics systems as a kind of “educational
augmented tabletop game”. Within this framework, a set of
fourteen heuristics was devised based on literature about games
and learning tools. The validity of the devised heuristics was
examined with a heterogenous group of twelve compulsory school
teachers, who tested five different educational robotics systems.

Findings: The experimental results illustrated high approval for
the devised heuristics by the participating teachers. A heuristic
evaluation based on the proposed framework appeared to be more
appropriate to reflect the teachers’ needs than conventional
methods, i.e., the isolated comparison of system characteristics.

Index Terms— Constructivist, design principles, educational
robotics, games, heuristic evaluation, learning technology, STEM

. INTRODUCTION

N RECENT YEARS, educational robotics (ER) have attracted a

lot of attention from educators and researchers as a tool to
support formal education [1]. The expected benefits of
introducing robots into classrooms are manifold: it has been
argued that ER promote students’ interest in STEM (science,
technology, engineering and mathematics) disciplines [1]-[5]
and that they can be used to convey technical competencies,
such as programming skills [6]-[8]. Moreover, it has been
shown that by working with ER, students can acquire important
transversal skills such as critical thinking, problem solving,
decision making, communication or teamwork [9]-[12]. In
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addition, previous work has acknowledged its potential to foster
the development of computational thinking skills [13], [14], a
competence which has been popularized by Jeanette Wing in
2006, as a fundamental skill for modern societies along with
reading, writing and arithmetic [15]. Other studies have
demonstrated that ER can have positive effects on students’
motivation, self-confidence and creativity [16], [17], hence
facilitating a more joyful way of learning.

While most of the presented results seem very promising,
there are still many open questions, due to the fact that scientific
research in this field is still comparatively young [6], [18].
Previous work has classified educational robots into different
types and analyzed their role and behavior during learning [19],
explored the involved teaching domains and learning
environments [9], [19], studied the implemented learning
activities [9], and examined the acceptance of ER perceived by
teachers and students [20]-[23]. However, it appears that the
current body of literature does not yet provide comprehensive
frameworks, which propose specific design principles for the
development of ER tools. As a matter of fact, ER tools are
usually developed by engineers and researchers, who often have
none or limited experience with classroom teaching. These
tools however, are often intended to be used by teachers, who
perform learning activities with their students, in environments
which are usually significantly different from controlled
experimental conditions.

With respect to these circumstances, the question could be
raised, whether current ER tools meet the expectations for the
use in compulsory schools. Considering the large and steadily
increasing number of alternatives to choose from [24], this
question becomes even more pertinent. In this regard, a set of
validated design principles could not only provide guidance to
developers, but it could also serve as a support to identify
appropriate tools for a given context. This paper introduces the
“heuristics for the development and evaluation of educational
robotics systems” (HEDEERS), a set of design principles
devised specifically for ER tools. The presented approach aims
at providing a holistic evaluation framework for ER tools,
which is easy to use and applicable to a wide variety of different
systems. The following sections describe the underlying model,
the development of the heuristics and the experimental
validation.
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(SUPSI), Locarno, Switzerland (email: alberto.piatti@supsi.ch,
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Il. BACKGROUND

The main motives of introducing ER tools into classrooms are
based on Seymour Papert’s constructionism [25]. Papert
advocated for an active role of the learner, encouraging students
to discover and form knowledge by self-exploration. One key
aspect underlying his theory, is the manipulation of so-called
learning artefacts, which allow students to actively build objects
they can personally relate to. According to Papert, this is the
most effective way of learning and in this context, educational
robots appear to be a predestined embodiment of learning
artefacts [9], [25]. As a matter of fact, ER tools provide many
possibilities of active manipulation: from the assembly of the
robot, to the programming of its behavior, up to the design of a
personalized look — students can be involved in miscellaneous
creative activities.

Over time, a countless number of various ER tools have been
developed, each providing particular features and interaction
methods (cf. Table | for examples). This diversity allows the
end user to choose from a wide range of ER tools each with
different behaviors and characteristics. However, the great
variety makes it also difficult to systematically evaluate them,
since the involved components, interaction methods and
learning activities, as well as the foreseen learning objectives
can differ significantly. For instance, some tools are specifically
designed to be used by younger children, while others target
older user groups. Taking this into consideration, it becomes
clear, that an evaluation framework, which is generally
applicable to a wide range of ER tools is not obvious.

There are three main approaches of using ER tools in
classrooms: the theme-based curriculum, the project-based and
the goal-oriented approach [1]. In the theme-based curriculum,
the ER activities are part of a specific learning topic, which is
explored by students within a given time span (e.g. during
theme weeks). In the project-based approach, students work in
groups to explore real-world problems and try to develop
solutions to approach them. Finally, in the goal-oriented
approach, students usually compete in extracurricular
challenges (e.g. FIRST Lego League) to solve different kind of
robotic tasks. The learning activities based on these approaches
usually comprise a combination of various components: an
educational robot, a programming/interaction interface, and one
or several tasks to be solved. In some cases, the whole setting
is embedded in a narrative, additionally providing a possibility
for storytelling. Hence, when evaluating ER tools as a mean to
perform classroom activities, it is essential to consider all these
components together, as well as the interplay between them,
since they always come as one entity. Therefore, this paper
introduces a novel framework, called educational robotics
system (ERS), which describes the combination of the
educational robot, the programming/interaction interface and
the presented tasks used for the classroom activities (Fig. 1).
Consequently, this interconnection of multiple components also
calls for an evaluation framework, which considers the entirety
of the ERS, rather than assessing the system’s components and
their properties separately. Nevertheless, up until now, the
segregated evaluation approach appears to be the most common
practice for conventional evaluation methods. In previous
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Fig. 1. Schematic representation of an educational robotics system (ERS). The
white arrows indicate possible interaction effects between the components.

studies, ER tools have mostly been evaluated based on selective
characteristics of the robot (e.g. [8], [20], [26], [27]). However,
the restriction to a few (mostly technical) evaluation criteria for
only one component of the ERS (i.e., the robot), is arguably
limiting the validity of such approaches. Moreover, no evidence
has been presented regarding the validity of the selected
evaluation criteria in such studies.

Capitalizing on the activity-based nature of ERS, this paper
introduces a new perspective: indeed, many of the activities
implemented using ERS comprise elements which are essential
to classical tabletop games as well as to digital video games,
such as interaction, enjoyment and challenge. Furthermore,
many of these elements have been considered as core
components for the design of so-called learning games [28]—
[31]. These similarities suggest that activities involving ERS
may be considered as a kind of “educational augmented
tabletop game” which constitutes a combined entity of tangible
tabletop games and digital learning games.

In usability research, heuristic evaluation approaches have
proven to be a valuable and effective method for the evaluation
and development of video, computer and board games [32],
[33], as well as augmented tabletop games [34] and different
kinds of learning tools [35]-[38]. Heuristics can be described
as rule of thumbs, which can serve as design principles for the
development and evaluation of products and are usually used
by developers to identify a product’s weak spots and limitations
[39]. Drawing upon the presented interpretation of ERS as
“educational augmented tabletop games”, it seems justifiable,
that heuristics, which has been successfully used for games and
learning tools, can be combined and adapted for the use with
ERS. The set of heuristics proposed in this paper consist of
fourteen design principles, selected based on existing literature
covering learning games, as well as augmented and classical
tabletop games. The heuristics were selected by researchers
with experience in classroom teaching and they were chosen
with the aim to match the needs and expectations of compulsory
school teachers. Table Il summarizes the fourteen heuristics,
the literature they were based on, and indicates whether the
literature is game- or education-related.
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TABLE |
EDUCATIONAL ROBOTICS SYSTEMS USED IN THIS STUDY
Anki Cozmo? Calliope mini® Lego WeDo 2.0° Makeblock mBot? Ozobot Evo®
System type Wheeled / social robot Electronic kit Construction kit Wheeled robot Wheeled / social robot
Programming Graphical Graphical Graphical Graphical Tangible
User device Tablet PC Tablet Tablet Pen and paper
Assembly No No Yes Yes No
Extendable No Yes No Yes No
Touch, buttons, light,

Camera with Al, ground Distance, ground, light,

Sensors temperature, gyroscope, Distance, tilt Distance, RGB ground
sensors ; button
compass, microphone
Actuators '\él;g)rr’l_lglsdssierzzﬁr’ Loudspeaker, color Motor Motor, loudspeaker, Motor, loudspeaker,
! ' LED, 5x5 LED matrix LEDs LEDs

mechanical arm

The information given in this table relates to one possible configuration of the respective system. All systems were presented using their standard available
components. The interaction methods and presented tasks were chosen by the experimenters, while putting emphasis on the particularities of each system.
2 https://www.anki.com/en-us/cozmo, ® https://calliope.cc/, ¢ https://education.lego.com/en-gh/product/wedo-2, ¢ https://www.makeblock.com/steam-kits/mbot,
¢ https://ozobot.com/products/ozobot-evo

TABLE Il
HEURISTICS FOR THE DEVELOPMENT AND EVALUATION OF EDUCATIONAL ROBOTICS SYSTEMS (HEDEERS)

No. Heuristic Based on GAME EDU

Cognitive workload: The system allows the user to maintain their sense of cognitive flow. Cognitive

workload which is not related to the learning activities should be minimized. [14,31,34] X X

Challenge: The system presents appropriate challenges tailored to the user. It should be “easy to learn,
2 but hard to master”. The user’s fatigue is minimized by varying activities and pacing during the [31,34,35] X X
learning activities.

Adaptability: The system should be adaptable to the needs of the user. The system should be usable by

all users of the target group regardless of their prior knowledge. [34,35] X X

Interaction: The interaction method should satisfy the expectations of the user and follow the logic of
4 the learning activities. The user interfaces should be compliant with industry standards and be usable in [31,34] X
a very natural, easy and understandable way.

Level of automation: The user should be able to execute all actions relevant to the learning activities by
5 him/herself. All actions that are perceived as boring and rather unimportant to the learning activities [34] X
should be performed by the system.

Collaboration and communication: The entirety of the system should support interpersonal

6 communication, collaboration and, if appropriate, competitiveness between users. [31.34] X X
Feedback: The system should provide visual, acoustic or haptic feedback to help the user understand

7 . . . [9,31,34] X X
their performed actions and the resulting consequences.

8 Comfort of the physical setup: The physical setup should be fast and easy to assemble, comfortable to [34] X

use and not require the user to take an awkward position.

Enjoyment and aesthetics: The user should find the activities fun. The entirety of the system should be
9 inviting and aesthetically appealing. It should quickly grab the user’s attention and facilitate the user’s [31,33,35] X
concentration and immersion in the activities.

Transparency: The system should provide a rich and open environment, allowing the inspection of all

10 underlying mechanisms. [9.14] X

11 Active learning: The system encourages exploration, problem solving and enquiry. The user should feel [35, 38] X
safe in the knowledge that they can experiment without breaking the system. !
Relevance: The learning activities should be personally relevant to the user and allow him/her to relate

12 L h [9,31,35] X
the activities to the learning goals.
Supports reflection: The system should provide opportunities for reflection and debriefing on learning

13 P - [31,35] X
and highlight the process of learning to the user.

14 Computational thinking: The entirety of the system should support the development of computational [2,24] X

thinking competences.

The last two columns of the table indicate whether the corresponding literature is game- or education-related.
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TABLE 11l
PROFILES OF THE 12 PARTICIPATING TEACHERS

Gender Age School Background
T1 Male 30-50 Primary Pedagogy
T2 Male 30-50 Primary Psychology
T3 Male > 50 Primary Pedagogy
T4 Female 30-50 Primary Pedagogy
T5 Female > 50 Primary Psychology
T6 Female > 50 Primary Pedagogy
T7 Female > 50 Primary Pedagogy
T8 Male <30 Lower sec. Electrical Eng.
T9 Female <30 Lower sec. Mathematics
T10 Male 30-50 Lower sec. Aeronautical Eng.
T11 Male <30 Lower sec. Mathematics
T12 Male 30-50 Lower sec. Electrical Eng.

I1l. EXPERIMENTAL VALIDATION

HEDEERS was validated through experiments with twelve
compulsory school teachers, who participated in an evaluation
session, in which they tested five different ERS. During the
evaluation session, they were asked to identify usability issues
for each system. These issues were then mapped to HEDEERS
in order to illustrate the applicability, completeness and
orthogonality of the heuristics. Furthermore, based on the issues
determined by the teachers, the systems were ranked regarding
their suitability for classroom teaching. The results were then
compared to two other rankings obtained from a questionnaire
distributed at the end of the evaluation session: one ranking was
based on the intuitive choices of the teachers, while the other
one was based on a list of system characteristics and technical
features (e.g., type of sensors/actuators, connection method
etc.). The latter was a representation of conventional evaluation
methods and the list of relevant characteristics was determined
using the teachers’ answers given in the questionnaire. Finally,
the questionnaire also provided information about the
acceptance of HEDEERS by the teachers and their satisfaction
with the testing procedure.

A. Participants

To validate the matching between the selected heuristics and
the expectations of compulsory school teachers, a
heterogeneous group of 12 teachers (different gender, age,
school level and professional background) was selected to
participate in an evaluation session (Table I11). At the time of
the study, all teachers were in service and enrolled in a two-year
training program for a certificate of advanced studies (CAS) in
educational robotics. This CAS is the first of its kind in
Switzerland, and participants are considered to be so-called
early adopters, taking a pioneering role among their peers.

B. Educational Robotics Systems

Five ERS were tested by the participating teachers during the
evaluation session. All systems were promoted for educational
purposes by their manufacturers and none of them were known
to the teachers before the study. Aiming at validating the
heuristics for a wide range of ERS, the selection was based on
the characteristics presented in Table I. The goal was to include
a selection of systems comprising a great variety of the shown

Calliope mini

4 ° e Change - ° [
every 30
minutes
Makeblock mBot

Fig. 2. Schematic overview of the evaluation procedure. Each group of 2-3
teachers (black) was followed by one experimenter (gray). On a rotational basis,
each group tested each robotic educational system.

characteristics, in order to achieve a diverse representation of
ERS. It is important to note that most of the information given
in Table I relate to one possible configuration of the respective
system. For instance, some systems allow the use of various
programming interfaces and user devices or can be extended
with additional sensors and/or actuators. For this study, all
systems were presented using their standard available
components. Moreover, the interaction methods and proposed
tasks were chosen by the experimenters, while putting emphasis
on the particularities of each system. Since the aim of this study
was the evaluation of the devised heuristics rather than the
assessment of the selected ERS, not presenting all possible
configurations to the teachers is justifiably not a relevant
problem.

C. Testing procedure

At the beginning of the session, all participants were
introduced to HEDEERS, ensuring that there were no
unclarities about the meaning of each heuristic. For the
evaluation study, the teachers formed five groups of 2-3 people,
a recommended group size for ER activities [9]. A schematic
overview of the testing procedure is depicted in Fig. 2.

Each group had 30 minutes to test a system by working
through a worksheet prepared by the experimenters. Each test
was introduced by a short video made by the manufacturer
highlighting the features and functionalities of the presented
ERS. This was followed by a user tutorial, showing the group
how to get started with the system. Finally, the group was given
time to further explore the system by either following proposed
activity suggestions or by following their own ideas and
interests. On a rotational basis, each group tested all five
systems and was asked to identify as many usability issues as
possible for each system while testing. A printout with the set
of heuristics was available on all tables. However, the teachers
were not obliged to use them, and they could identify issues not
related to the heuristics. Moreover, the teachers were instructed
to put emphasis on identifying usability issues related to the
possible use of the systems in class, which also includes
difficulties that their students might encounter when working
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with the presented ERS.

Throughout the tests, each group was followed by one
experimenter, who supervised the heuristic evaluation by taking
the role of a so-called “observer” [39]. The main function of the
observers was to record the usability issues determined by the
teachers, using written reports for later analysis. Furthermore,
they provided technical support in order to facilitate the testing
procedure.

D. Weighting and mapping of usability issues

The written reports obtained from the observers provided a
summary of all usability issues for every ERS identified by each
group. However, since some issues may have a stronger impact
on the user experience than others, it was not sufficient to only
consider the quantity of the identified issues for each system.
Instead, the teachers were also asked to assign a weight to each
issue, in order to obtain a meaningful weighting among the
issues. The weights were based on the Nielsen severity scale
[34], [39] for usability issues:

e 0 - Not a usability problem at all.

e 1 - Cosmetic problem only: It does not have a profound
impact on the activity.

e 2 - Minor problem: It has a slight impact on the activity
and influences the experience a bit.

e 3 - Major problem: This problem has a severe impact on
the activity and negatively influences the user
experience.

e 4 - Usability catastrophe: This problem has to be fixed
in order to allow for a decent user experience.

Assuming that different groups would identify different
usability issues [39], all the identified issues were merged into
one list for each system by the experimenters at the end of the
study. Subsequently, each issue was mapped to one of the
heuristics. The information about the aggregate of all issues
identified for a system and the heuristics they were mapped to,
was hence only available to the experimenters and not to the
teachers. The final ranking among the systems was determined
based on the number and the severity of the issues identified for
each system. The systems were ranked by always giving a
higher importance to more severe issues (e.g., one usability
catastrophe is always worse than many minor problems). If two
systems had the same number of issues for one severity class,
the next lower class was considered.

E. Questionnaire

At the end of the evaluation session, all participants were
asked to complete a questionnaire comprising four subsections:
first, they were asked to provide a personal ranking of the five
systems based on the following question: “For the use in my
class, | would choose the systems in the following order ”. This
information was used by the experimenters to determine a
ranking based on the teachers’ intuitive choices. In the next
subsection, the teachers were asked to assess the relevance of
each heuristic using a 4-point Likert scale (strongly agree /
agree / disagree / strongly disagree). Moreover, they were asked

‘Was the testing procedure sufficient to get an overall
impression about the presented systems?

No Yes

Count

Fig. 3. Satisfaction with the testing procedure reported from the questionnaire.
Almost all participants (11 out of 12) considered the testing procedure as
sufficient for getting an overall impression about the presented systems.

to propose amendments to the heuristics, in case they thought
that some criteria were missing. The answers were used to
analyze the teachers’ acceptance of the devised heuristics.
Subsequently, the teachers were asked to rate the importance of
different system characteristics of ERS (e.g., type of
sensors/actuators, connection method etc.) using the same 4-
point Likert scale. Additionally, they were given the possibility
to indicate features and components that were not listed. This
information was used by the experimenters to determine a
ranking based on system characteristics. Finally, in the last
subsection of the questionnaire, the participants were asked to
provide their opinion about the testing procedure.

IVV. RESULTS AND DISCUSSION

Since most of the results presented in this section rely on the
assumption that all participants were able to form an opinion
about the presented systems, it was important to ensure that the
evaluation session allowed them to explore the systems
sufficiently well. As reported in the last subsection of the
questionnaire, it appears that the testing procedure indeed
allowed the teachers to adequately discover the systems within
the 30 minutes of testing (Fig. 3). A crucial point might have
been the prepared worksheets, which facilitated the systematic
exploration of the systems. Furthermore, it can be assumed that
also the presence of the observers might have contributed to the
efficacy of the testing procedure, since technical issues were
resolved quickly, allowing the participants to remain focused
on the main tasks.

A. Acceptance of heuristics

As a first mean to examine the validity of HEDEERS, the
teachers were asked to assess the relevance of each heuristic
using a 4-point Likert scale (see section Questionnaire).
Demonstrating a general acceptance of the devised heuristics
from a heterogenous groups of compulsory school teachers
would provide evidence for their validity, since ultimately,
teachers are the ones who select, adapt and create learning
activities involving ERS.

The results illustrated that a large majority of the teachers
agreed on the validity of HEDEERS as design principles for the
development and evaluation of ERS (Fig. 4). For some of the
heuristics (e.g., level of automation and comfort of physical
setup) the acceptance was lower compared to others (e.g., active
learning and cognitive workload). However, as a matter of fact,
approval was dominating rejection for all the devised heuristics,
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Participating teachers‘ acceptance

I Strongly agree
Bl Agree

[ Disagree
[ Strongly disagree
E No answer

11- Active learning

1 - Cognitive workload

6 - Collaboration & Communication
2- Challenge

4 - Interaction

14 - Computational Thinking
9 - Enjoyment & Aesthetics
13 - Supports reflection

3 - Adaptability

7 - Feedback

10 - Transparency

12 - Relevance

5 - Level of Automation

8 - Comfort of physical setup

Count

Fig. 4. Acceptance of each heuristic by the teachers participating in the study
(n = 12). A large majority agreed on the validity of HEDEERS as design
principles for the development and evaluation of ERS.

demonstrating a general acceptance by the participating
teachers. Interestingly, also heuristics based only on game-
related literature (e.g., interaction and enjoyment & aesthetics)
found wide acceptance, supporting the proposed approach to
consider ERS as a kind of “educational augmented tabletop
game”. Nevertheless, it should be mentioned that the two
heuristics that found the least acceptance (i.e., level of
automation and comfort of physical setup) were also based only
on game-related literature. Yet more research would be needed
to investigate whether all game-related (and education-related)
heuristics apply equally well to ERS. For some of the heuristics
(e.g., computational thinking and relevance) a few participants
did not respond, indicating that these heuristics may need a
more precise description to prevent a lack of clarity.

Finally, the teachers were also asked to propose amendments
to the heuristics, in case they considered that some criteria were
missing. However, none of the participating teachers suggested
any amendments, indicating that HEDEERS comprises all the
criteria the teachers considered to be important for the use of
ERS in classrooms.

B. Ranking based on usability issues

A total of 63 usability issues (1 usability catastrophe, 26
major, 22 minor and 14 cosmetic problems) were identified by
the participating teachers for all systems (Fig. 5, bottom right
panel). The results illustrated that almost half (31) of the
identified usability issues could be associated to three
heuristics: interaction (12), adaptability (11) and comfort of the
physical setup (8). This is not surprising, since usability issues
related to these heuristics are often easily noticeable. Some of

the usability issues associated to these heuristics were for
example: “Programming interface not intuitive” (mapped to
interaction), “Limited number of actuators constrains
possibilities” (adaptability) or “Setting up the system takes too
much time” (comfort of the physical setup).

Usability issues were found for all heuristics except for one
(i.e., supports reflection) and all the identified issues could be
clearly mapped to one of the fourteen heuristics by the
experimenters. Moreover, there were no issues identified by the
teachers which could not be associated to a heuristic. This
highlights the completeness and orthogonality of HEDEERS,
while emphasizing its applicability as a holistic guiding tool for
the development and evaluation of a wide range of different
ERS. Nevertheless, it seems that usability issues related to some
of the heuristics would need more extensive testing for
identification, since they could be less evident to discover.
Extending the testing time could therefore reveal more usability
issues for heuristics where none or only few issues have been
identified (e.g. supports reflection, level of automation or
feedback), and hence provide a more exhaustive evaluation of
the presented ERS.

The individual analysis for each of the five systems presented
during the evaluation session revealed considerable differences
(Fig. 5, first five panels). While most usability issues found for
Makeblock mBot did not have a severe impact on the user
experience (0 usability catastrophes (Ca) / 1 major problem
(Ma) / 7 minor problems (Mi) / 3 cosmetic problems (Co)), the
issues found for Anki Cozmo (Ca-0 / Ma-5 / Mi-0 / Co-6),
Ozobot Evo (Ca-0 / Ma-5 / Mi-7 / Co-3) and Lego WeDo 2.0
(Ca-0 / Ma-8 / Mi-5 / Co-1) had a larger influence. The only
usability catastrophe identified during the evaluation study was
found for Calliope mini (Ca-1/ Ma-7 / Mi-3 / Co-1). The final
ranking based on the identified usability issues, is presented in
the second column of Table IV. Although the usability
catastrophe found for Calliope mini (i.e., “Only German user
language” (interaction)) is strongly related to the non-German-
speaking participants of this study, it seems like user language
is a non-negligible factor for the use of ERS in classrooms.
Albeit some elements of Calliope mini were available in
English, most teachers reported that they preferred a translation
to their mother tongue (ltalian). Under the present
circumstances, the teachers believed they were not able to use
this ERS in class and hence, decided to assign the most severe
weight (i.e., usability catastrophe) to this usability issue.

As hypothesized, only few overlaps were found for the issues
identified by the different groups. As typical for heuristic
evaluations involving a limited number of evaluators [39], each
group identified different usability issues for each system.
Nevertheless, it can be assumed that the aggregate of the
usability issues identified by the five groups is a reasonable
representation of the systems’ limitations, providing an
extensive list of weaknesses and limitations for each system. As
shown by Nielsen and Landauer [40], five evaluators are
usually sufficient to uncover almost 75% of the known usability
issues of a product.
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Fig. 5. Usability issues identified by the participating teachers during the evaluation session for each ERS (first five panels) and for all systems together (last
panel). The bars indicate the number and severity of the issues associated to each heuristic.

TABLE IV
RANKINGS FOR THREE DIFFERENT APPROACHES
Rank By usability issues By intuitive choice By system characteristics

1 Makeblock mBot (Ca-0/Ma-1/Mi-7/Co-3) Makeblock mBot (85%) Ozobot Evo (77%)

2 Anki Cozmo (Ca-0/Ma-5/Mi-0/Co-6) Anki Cozmo (63%) Makeblock mBot (69%)
3 Ozobot Evo (Ca-0/Ma-5/Mi-7/Co-3) Ozobot Evo (58%) Calliope mini (62%)

4 Lego WeDo 2.0 (Ca-0/Ma-8/Mi-5/Co-1) Lego WeDo 2.0 (33%) Anki Cozmo (54%)

5 Calliope mini (Ca-1/Ma-7/Mi-3/Co-1) Calliope mini (10%) Lego WeDo 2.0 (38%)

Ranking by usability issues: the values in parentheses indicate the number of issues identified (usability catastrophes (Ca) / major problems (Ma) / minor
problems (Mi) / cosmetic problems (Co)). More severe issues are always given more importance (e.g., one usability catastrophe is always worse than many minor
problems). Ranking by intuitive choice and ranking by system characteristics: the values in parentheses indicate the percentage of the maximum achievable score.

,For the use in my class, I would choose the
systems in the following order

C. Ranking based on intuitive choices

By means of the questionnaire distributed at the end of the 12 Ronked m
session (see section Questionnaire), each teacher was asked to 10 —_—
provide a personal intuitive ranking of the five presented o B 2nd
systems regarding their usability in class (Fig. 6). In order to - B 3d
quantify an overall result, a scoring system was introduced: a 3 © O 4th
system was assigned 4 points every time it was selected as a 4 1 5
first choice (3 for second, 2 for third, 1 for fourth and 0 for fifth 5
choice). The final ranking (Table IV, third column) was
established based on the_ratio betvyeen the points obta_ined by 0 Makeblock Anki  Ozobot Lego Calliope
each system and the maximum achievable score (48 points). mBot  Cozmo  Eve WeDo2.0 mini

R?markably’ the re_SUItS _}/!elded a.C_()nS_IStent match Wlth the Fig. 6. Personal intuitive choices of the participating teachers. Each bar
ranking based on the identified usability issues. The dominant indicates the number of teachers who ranked the corresponding system as their
lead of Makeblock mBot in the personal ranking (85% of the  first, second, third, fourth or fifth choice for the use in class.
maximal score) is equally reflected by the low number of severe . L S
usability issues identified by the teachers (Ca-0 and Ma-1). It is Ozobot Evo _account for its lower positioning, Wh'Ch IS 1N
followed by Anki Cozmo (63%) and Ozobot Evo (58%), which accordance with the results_based (_)n_the personal choices. Lego
convinced a similar number of teachers. Coherently, an equal WeDo 2.0 (33%) and Calliope mint (10%) Fa”_"‘*d on the last
number of severe issues was found for both systems (Ca-0 and two .places of the persqnal ranking. A 5|m|Iar_ TES“'_‘ was
Ma-5 for both). The higher number of low severity issues for obtained from the ranking based on the usability issues,
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reflected by the high number of severe issues identified for both
systems (Ca-0 and Ca-1, Ma-8 and Ma-7, respectively). The
low rating for Calliope mini might again be related to the
language barrier, caused by the German user language. As a
result, most of the teachers could not explore the system in the
way a German-speaker could, which led to a limited user
experience, and thus, to the low positioning of this ERS.

In summary, the consistency between both rankings can be
interpreted as another indicator for the validity of HEDEERS as
an evaluation framework for ERS. The fact that the personal
intuitive choices of the teachers matched with the ranking based
on the usability issues, which could all be successfully mapped
to the heuristics, indicates that there are no criteria outside the
ones listed in HEDEERS, that the teachers considered
important enough to impact their opinion about the presented
ERS. It could be argued that the intuitive choices of the teachers
could have been biased by the usability issues they identified
before, and a matching between both rankings would therefore
not surprise. However, as mentioned in the previous section,
each group identified different issues, and thus, none of the
teachers was aware of the aggregate of all issues when they
indicated their intuitive choices.

D. Ranking based on system characteristics

Aiming at evaluating the effectivity of HEDEERS compared
to conventional methods, a third ranking was established. For
this purpose, the presented systems were rated by different
characteristics and features, determined by means of the
answers given by the teachers in the third subsection of the
questionnaire. From a list of different system characteristics,
the teachers had to indicate which ones they considered relevant
using a 4-point Likert scale (see section Questionnaire). For the
ranking, the five characteristics with the highest values of
approval (more than 83% of the teachers agreed or strongly
agreed on their relevance) were included. Additionally, the
teachers were asked to indicate the sensors and actuators they
considered as most relevant for their teaching. For the ranking,
the four most commonly mentioned sensors and actuators were
included. The complete list with the most preferred system
characteristics, sensors and actuators was then used by the
experimenters to evaluate the presented ERS: for each item on
the list that a system complied with, it was given 1 point (Table
V). The final ranking (Table IV, fourth column) was then
established based on the ratio between the points for each
system and the maximum achievable score (13 points).

The results illustrate that the ranking obtained following this
approach did not provide a coherent match with the intuitive
choices of the teachers. While the intuitive ranking determined
Makeblock mBot as the teachers’ clear preference, this approach
ranks it in the second place (69% of the maximum score).
Instead, Ozobot Evo (77%) was determined as the leader of the
ranking, which has only been third based on the teachers’
intuitive choice. Another remarkable difference is given by the
good rating of Calliope mini (62%), which came in last far
behind in the intuitive ranking. It is followed by Anki Cozmo
(54%) and Lego WeDo 2.0 (38%), which ranked on the two last
places following this approach.

TABLEV
PARTICIPATING TEACHERS’ PREFERRED SYSTEM CHARACTERISTICS
AC CM LW MM OE
Wireless connection X X X X X
Didactic material X X X
System extendable X X
Usable on a desk X X X X
Preprogrammed X X X X
Distance sensor X X X
Input button X X
RGB ground sensor X
B/W ground sensor X X
Motor X X X X
LED X X X X
Lifting arm X
Loudspeaker X X X X

List of participating teachers’ preferred system characteristics and components
determined from the questionnaire. Crosses indicate whether a system complies
with a desired property (AC = Anki Cozmo, CM = Calliope mini, LW = Lego
WeDo 2.0, MM = Makeblock mBot, OE = Ozobot Evo).

The obtained results underline the presumed weakness of
conventional evaluation approaches for ERS. Indeed, the
isolated evaluation of system characteristics and components of
ERS appears to be insufficient to appropriately represent the
needs of compulsory school teachers. This is particularly
interesting, since for this study, the teachers were given the
possibility to specify the characteristics and components they
considered as relevant. However, formerly such criteria have
been selected and applied for the evaluation of ERS without
demonstrating any evidence about their relevance to the user.
Moreover, such approaches mostly focused on the properties of
the robot, while the other components of the ERS, namely the
programming/interaction interface and the proposed tasks, were
often neglected. Based on the results of this study, it seems like
a more holistic approach, which considers the entirety of the
system (i.e., the robot, the programming/interaction interface
and the involved tasks), could provide more appropriate
representations of what is really desired in formal education
settings.

V. CONCLUSION, LIMITATIONS AND FURTHER RESEARCH

This paper introduced a framework to support the
development and evaluation of ER tools targeted to the use in
formal education settings. The underlying idea of the proposed
approach is to consider the entirety of an educational robotics
system (ERS, i.e., the combination of the robot, the
programming/interaction interface and the proposed tasks),
rather than the system’s components and their properties
separately. Drawing upon this holistic approach and the
activity-based nature of ERS, this study proposes to consider
activities involving ERS as a kind of “educational augmented
tabletop game”. Within this framework, ERS can be evaluated
by heuristic evaluation, a methodology which has been proven
useful for the evaluation of games and learning tools. Existing
heuristics coming from those fields were combined and adapted
to devise HEDEERS, a set of fourteen heuristics, providing
design principles for ERS that are specifically aimed at meeting
the needs and expectations in formal education settings. An
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evaluation study with a heterogenous group of twelve
compulsory school teachers validated the applicability,
completeness and orthogonality of HEDEERS and highlighted
its characteristics with respect to conventional evaluation
methods. The results showed that the heuristics embodied a
good representation of the teachers’ needs regarding the use of
ERS in classrooms. The proposed framework could therefore
guide researchers and engineers in the development of ER tools,
providing design principles which are coherent with the needs
and expectations of compulsory school teachers. In this context,
HEDEERS may not only be useful for the development of the
robot, but also for the design of the programming/interaction
interface and the creation of the proposed tasks. However, in
any of these cases it is imperative that developers consider the
entirety of the intended ERS, since the corresponding learning
activities usually involve a combination of all the three
components. The results also showed that HEDEERS could
potentially be applied for the evaluation of existing ERS. This
could be particularly interesting for educators and decision
makers interested in selecting ER tools for the use in formal
education. In this regard, a heuristic evaluation using
HEDEERS could help to identify limitations and weaknesses of
a given ERS and moreover, represent a resource-efficient
alternative to costly and time-consuming user studies.

Due to the small sample size, the results of this study should
rather be interpreted as a proof of concept for the proposed
model for ERS and the corresponding set of heuristics.
Therefore, studies with larger sample sizes should be
considered, in order to draw more substantial conclusions.
However, it can also be argued that previous studies on
heuristics for digital and tabletop games involved similar
sample sizes for the validation (e.g., [32], [34]) and yet yielded
recognized results. Another limitation of this study is given by
the mapping of the identified issues to the heuristics, performed
by the researchers and hence involving an implicit risk of bias.
Further research should therefore involve the application of the
heuristics by independent evaluators, in order to consolidate the
validity and applicability of HEDEERS. Ideally, future work
would include real development scenarios where the heuristics
are used for the design of new ERS components. Moreover, this
study mainly focused on the validation of the heuristics by
teachers from primary and lower secondary schools. It could be
interesting to extend the testing audience to teachers from
higher education levels to investigate whether HEDEERS also
applies for more advanced teaching scenarios.

Finally, it should be noted that this first version of
HEDEERS was developed based purely on existing literature
and the classroom experiences of the experimenters. Reaching
out to the main stakeholders involved in ER (i.e., developers,
teachers and students) could provide valuable input to refine the
heuristics and allow a more detailed description for each
heuristic. Especially students seem to be too little involved so
far, yet they are the ones who ultimately interact with these
tools. In this context, qualitative research methods, such as
observational field studies or focus groups could be considered.
Especially focus groups have been shown to be useful for the
creation of design science research artefacts [41]. Performing

focus groups with developers, teachers and students could
therefore provide insight into their perceptions about ER,
possibly reveal conceptual differences among those groups and
hence support the development of future ERS.
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