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Social robots are increasingly being studied in educational roles, including as tutees in
learning-by-teaching applications. To explore the benefits and drawbacks of using robots
in this way, it is important to study how robot tutees compare to traditional learning-by-
teaching situations. In this paper, we report the results of a within-subjects field experiment
that compared a robot tutee to a human tutee in a Swedish primary school. Sixth-grade
students participated in the study as tutors in a collaborative mathematics game where
they were responsible for teaching a robot tutee as well as a third-grade student in two
separate sessions. Their teacher was present to provide support and guidance for both
sessions. Participants’ perceptions of the interactions were then gathered through a set of
quantitative instruments measuring their enjoyment and willingness to interact with the
tutees again, communication and collaboration with the tutees, their understanding of the
task, sense of autonomy as tutors, and perceived learning gains for tutor and tutee. The
results showed that the two scenarios were comparable with respect to enjoyment and
willingness to play again, as well as perceptions of learning gains. However, significant
differences were found for communication and collaboration, which participants
considered easier with a human tutee. They also felt significantly less autonomous in
their roles as tutors with the robot tutee as measured by their stated need for their teacher’s
help. Participants further appeared to perceive the activity as somewhat clearer and
working better when playing with the human tutee. These findings suggest that children
can enjoy engaging in peer tutoring with a robot tutee. However, the interactive capabilities
of robots will need to improve quite substantially before they can potentially engage in
autonomous and unsupervised interactions with children.

Keywords: social robot, learning-by-teaching, in-the-wild, robot tutee, comparative study, children, robot versus
human, child-robot interaction

INTRODUCTION

As robots are entering our social sphere (Gunkel, 2019), the question of how we should best (not)
employ this new technology in everyday life has kindled many hopes and concerns (Bryson, 2010;
Sharkey and Sharkey, 2010; Sharkey, 2016; Danaher, 2019; Sharkey et al., 2019; Nyholm and Smids,
2020). In recent years, research on child-robot interaction (CRI) and educational robots has begun to
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explore the possibility of using robots as tools for learning-by-
teaching (Jamet et al., 2018). The idea to use physical robots for
this purpose was first proposed by Tanaka and Kimura (2009) asa
potential solution to ethical concerns surrounding the use of
robots as teaching and childcare machines. Such robots have been
referred to as teachable robots (Walker et al., 2016; Verhoeven
et al., 2019), care-receiving robots (Tanaka and Matsuzoe, 2012;
Nurul Husna et al., 2020), novice robots (Belpaeme et al., 2018),
or robot tutees (Lindberg et al., 2017; Pareto, 2017; Chandra et al.,
2020). The learning-by-teaching approach essentially reverses
more traditional concepts. Early research on pedagogical
virtual agents (Johnson et al., 2000; Johnson and Lester, 2016),
in particular earlier studies of teachable agents (cf. Biswas et al.,
2005), have paved the way for research on robot tutees. In
conceptualizing these robots as in need of care (Tanaka and
Kimura, 2009), the premise is that children will feel compelled to
teach the robot. Hence, rather than acting as, say, a tutor directly
teaching the child (cf. Kennedy et al, 2016b; Serholt and
Barendregt, 2016; Jones and Castellano, 2018), a robot tutee is
designed to feature as a curious and less knowledgeable other in
need of the child’s teaching or instruction. Hence, inspired by the
learning-by-teaching paradigm and the protégé effect’, the aim of
such research is to evoke children’s drive to teach others,
effectively fostering their own learning in the process.

Previous research on the effectiveness of robot tutees for child
learning has delivered mixed results, and a variety of robot and
research designs make it difficult to compare findings across
projects. Some studies suggest that children’s learning can benefit
from engaging with robot tutees. For instance, in a Japanese
study, Tanaka and Matsuzoe (2012) found significant gains in
English verb-learning for 3-5-year-old children following an
experimental lesson in cases where children were also
instructed to teach each word to a robot (as opposed to
simply moving on to the next word). In a literature study on
robot tutees, Jamet et al. (2018) argued for the relevance and
efficiency of using robots as tutees for children of different ages as
well as for children with special educational needs; however, no
detailed information is provided on the literature review search
protocol, making it difficult to assess the validity of these
conclusions. In fact, research on robot tutees still seems to be
relatively rare. In a meta-review of the literature on social robots
in education, Belpaeme et al. (2018) found that only 9% of the 101
studies reviewed had explored the use of robots as tutees or peers.

One way to evaluate the effect of robots on learning and
interaction is to experimentally compare them to other media or
even humans. For instance, previous studies have compared
robots acting as tutors to text-based learning systems and
virtual agents (Pereira et al., 2008; Bainbridge et al, 2011;
Leyzberg et al, 2012; Rosenthal-von der Piitten et al., 2016).
Robots acting as tutees have been compared to virtual agents
(Walker et al., 2016; Lindberg et al., 2017). However, only a few
works have directly compared educational robots and humans

'The protégé effect is a psychological phenomenon in which students make greater
efforts to learn for the benefit of a tutee (or protégé) than they would for themselves
(Chase et al., 2009; Lemaignan, et al., 2016).
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(Belpaeme et al., 2018). Some of these have compared robots
acting as tutors, instructors or interlocutors to humans (cf. Park
et al,, 2011; Serholt et al., 2014; Kennedy et al., 2016a; Kory
Westlund et al., 2017). Another study compared a robot tutee to a
human teacher, as well as to a tablet-only condition (Zhexenova
etal,, 2020). Chandra et al. (2015) compared a robot facilitating a
learning-by-teaching scenario between two children to a human
facilitator. The findings of these studies are presented in
Section 2.3.

To our knowledge, no studies have attempted to compare
robot tutees to human tutees. A possible explanation for this
could be that it is methodologically difficult to recruit
confederates that could serve as believable tutees while
maintaining the necessary level of control over such an
experiment. When robots have been directly compared to
humans (see above), the human confederates have always been
adults and these would probably not pass as convincing tutees.
For the case of robot tutees that are designed for learning-by-
teaching in a school setting, we propose that the proper baseline
for comparison should be that of another child. In particular, we
consider that the child tutee should be younger than the tutor,
possibly instilling the presumption that they are not yet at the
same level of proficiency as the child tutor concerning the subject
or skill in question.

Research Aim

Against this background, we set out to investigate how a learning-
by-teaching situation with a robot tutee differs from an equivalent
situation with a younger child. As this is the first such study, we
adopt an explorative field-based experimental approach without a
priori hypotheses. However, the following overarching research
question and sub-questions guide this study:

RQ: How do children’s subjective experiences of tutoring a
robot tutee compare to that of tutoring a younger child within the
context of an educational game? In particular, what effects can be
found pertaining to the child tutors’ perceptions regarding:

- 1) enjoyment and willingness to interact with the tutee
again, 2) communication and collaboration with the
tutee, 3) their understanding of the task, 4) their
autonomy as tutors, and 5) learning gains for tutor and
tutee, respectively?

The sub-questions are motivated as follows: 1) we consider
enjoyment and willingness to engage with robots or similar
educational technology to be prerequisites for their sustained
use in future classrooms. Indeed, most CRI applications are
motivated by their potential to increase children’s motivation
and engagement by means of enjoyment. 2) It is also necessary for
the communication and collaboration between tutor and tutee to
work smoothly in order to avoid unmanageable technical issues
and breakdowns in interaction. 3) We also consider the tutors’
understanding of the task and their role as tutor, and to what
extent children intuitively understand what is expected of them in
these scenarios. 4) Further, as many educational robots for
children and adolescents are developed for the purpose of
interacting with children autonomously and without too much
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external active involvement and assistance, the aspect of
autonomy is included. Specifically, autonomy as tutors denotes
to what extent the tutors perceive that they are able to handle their
role as tutor without the help from teachers or researchers. 5)
Finally, we explore the tutors’ assessments of subject learning
gains—both their own, as well as the tutee’s. Here, their
perceptions of tutee learning can also be understood as a
reflection of how successful they find the overall interaction
and their own tutoring.

BACKGROUND

In the following, we present literature on the concept of learning-
by-teaching and its mechanisms. Then, previous research on
robots in tutee roles is presented. Finally, we focus on
previous studies that have experimentally compared robots to
humans.

Learning-By-Teaching

Originally developed by German professor Jean-Pol Martin,
learning-by-teaching differs from similar peer-supported
learning approaches in that students are directly responsible
for both their own learning and the teaching of another
(Aslan, 2015). This requires preparation (teaching oneself),
selection of appropriate methods and materials for teaching,
developing strategies that can motivate, engage and realize
understanding in the tutee, as well as lesson design (Aslan, 2015).

Some research suggests that the learning benefits of learning-
by-teaching lie in the preparation phase, i.e., if the tutor knows
that (s)he is expected to engage in the direct teaching of novel
material to a tutee without any teaching aids, they seem to engage
with the teaching material more deeply, and hence, learn more
(Koh et al., 2018; Kobayashi, 2019). However, while Koh et al.
(2018) found that it was the retrieval process taking place during
the preparing-to-teach phase itself which influenced learning
outcomes for tutors, a study by Kobayashi (2021) found that
the face-to-face interaction between tutor and tutee influenced
learning gains meanwhile the preparation phase did not. Research
further suggests that when it comes to difficult learning content,
oral explaining seems to facilitate a tutor’s comprehension
compared to if they compose written explanations (Jacob
et al., 2020). Interestingly, with respect to written explanations,
these seem to facilitate learning better if they are designed for self-
explaining rather than as explanations for a fictitious tutee
(Lachner et al., 2021).

Another interesting facet of learning-by-teaching is the
demonstration of learning performed by tutees and its
influence on tutor learning. For instance, Okita and Schwartz
(2013) showed that tutors learned better when they observed their
tutees performing examinations in biology following the tutor’s
teaching. The same effect could be seen in a second experiment
where the tutee was replaced by a teachable agent; i.e., those tutors
who observed their agent compete against another agent
exhibited higher learning gains compared to tutors who
competed against their agent themselves (Okita and Schwartz,
2013). Similar outcomes were seen in a study that took place in a
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virtual game environment, i.e., tutors who observed their tutees
perform an examination following their teaching learned better
themselves (Okita et al., 2013).

While studies such as these are typically carried out with adults
(e.g., university students), Hoogerheide et al. (2019) conducted a
study with Dutch primary school students between 11 and
13 years old. The authors compared three conditions, namely:
a restudy, a summarizing, and a video condition. In the video
condition, the children were instructed to record a teaching video
for a fictitious tutee after studying a text on biology over a
weekend. In the summarizing condition, children instead
produced written summaries of the text. In the restudy
condition, children were simply asked to repeatedly read
through the text. The study found that children who only
restudied the text performed the worst on a posttest across the
three conditions. Yet, contrary to the authors’ expectations, the
difference between written summaries and teaching videos was
not straightforward. There seemed to be some effect, ie., the
video condition was significantly more effective than the restudy
condition, whereas the summarizing condition was not; however,
there was no significant difference when comparing the
summarizing and video condition (Hoogerheide et al., 2019).

Robots as Tutees

Previous research on robot tutees has tended to focus on
educational subject areas where the tutor is presumed to
already hold a certain level of knowledge, minimizing the
necessity for tutors to prepare and design appropriate lessons
themselves. Notwithstanding, it is not clear to what extent
mechanisms of learning-by-teaching transfer from human peer
tutoring to robots. While there seem to be some general effects on
learning, this also depends on what the robot tutee is compared
to. For instance, in the earlier example of a study by Tanaka and
Matsuzoe (2012), significant learning effects were indeed
observed for children who taught words to a robot compared
to those who did not. Yet, the control condition in this case may
not be comparable since the children simply moved on in the task
and did not practice the words as those interacting with the robot
invariably did. In the study by Chandra et al. (2020), significant
improvement in children’s handwriting was only observed in a
condition where the robot tutee was improving between sessions,
compared to a condition where it did not improve. Lindberg et al.
(2017) conducted a within-subjects comparison between a robot
tutee and a teachable agent, and mainly found individual
differences between children. In a similar vein, children’s
rapport towards a robot tutee has been shown to fluctuate
both between children and over time (Tian et al., 2020), and,
e.g., children’s pre-existing comfort levels with robots seem to
influence their acceptance of a robot tutee’s social behavior
(Lubold et al., 2019). In one of our previous studies, we found
that children employ a range of strategies to repair interactions
with a robot tutee behaving in socially inappropriate ways,
ranging from trying to understand and adapt to the robot, to
establishing a social distance to it (Serholt et al., 2020). Further,
Lemaignan et al. (2016) observed promising effects pertaining to
engagement and learning gains when using a handwriting tutee
robot for children’s long-term occupational therapy; however,
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they also emphasized the need for further studies on the ethical
implications surrounding the child-robot relationship that could
develop, i.e., the potential psychological implications for children
who commit to helping a robot. Chen et al. (2020) compared a
robot tutee to either a robot tutor or a robot peer (i.e., an adaptive
combination of the tutee/tutor role) and found that children’s
learning gains were superior to the tutee condition in both the
peer and tutor conditions. Walker et al. (2016) found that middle
school students significantly improved their geometry knowledge
following a lesson with a teachable robot within a navigation task
on an interactive tabletop surface, but this was also the case in
conditions where the robot’s face was displayed on a stationary
monitor and the physical robot was replaced with a projected
circle, as well as for students who instead carried out the task with
a virtual agent and a laptop.

It is worth noting that applications of robot tutees do not
necessarily require machine learning approaches wherein the
robot is truly learning; yet, it is likely important that the robot
appears to be learning on a level convincing for the child
teaching it, or, perhaps, that the child is willing to engage in
make-believe with the robot through a temporary suspension
of disbelief. Early in our project, when children in the second
and fourth grade (7-10 year-olds; N = 67) interacted with a
prototype version of the robot used in the current study, 61%
indicated that they believed that they were teaching the robot,
whereas 27% considered the teaching reciprocal, and 3%
believed that the robot was teaching them (Pareto et al,
2019). Further, early pilot studies carried out within a
project using a co-writing robot tutee found that none of
the participating 7-8 year-old children (N = 21) questioned
whether the robot tutee was writing on its own (Hood et al,,
2015), which may suggest that they believed it was improving
in response to their instruction. At the same time, it does not
seem to matter much whether the robot tutee indeed
improves during the interaction for children to believe that
it does. For instance, in the case of a co-writing robot tutee,
Chandra et al. (2020) found that 7-9-year-old children
believed that the robot was progressing equally well in its
writing abilities over the course of four sessions regardless of
its actual improvement. Here, the authors compared different
versions of the robot in two studies: 1) non-learning versus
learning between sessions (N = 25), and 2) non-learning,
personalized learning and continuous learning (N = 37). In
terms of the children’s perceptions of their own self-efficacy
as tutors, no significant differences were revealed between
any of these conditions.

Regardless of observed effects, it is important to note the
importance of an active adult presence (e.g., teachers,
experimenters or therapists) during these interactions
(Lemaignan et al,, 2016), and the possible confounding effects
these actors may have on overall outcomes. Due to technical
constraints in current robots, the general consensus is that
children cannot be expected to manage interactions with
robots on their own, although there are exceptions (cf.
Davison et al,, 2020). There are also ethical constraints that
make it questionable whether leaving children alone with
robots is a good idea in relation to their physical and
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emotional safety (Serholt et al, 2017; Serholt, 2018). Some
applications are simply not designed to work without some
level of continuous guidance by an expert.

Robots Compared to Humans

As mentioned previously, only a few studies have specifically
explored how social robots compare to humans. To our
knowledge, the first such study was conducted about 30 years
ago by Draper and Clayton (1992) wherein they explored how a
Heathkit Hero 1 robot compared to a set of other conditions,
including a human teacher, a tape recorder, a stationary robot,
and a control condition. The robot had been decorated with facial
features in foam rubber, and been given a human recorded voice
instead of the standard voice. Children ages 3-5 took part in the
study, which centered on a lesson about birds and a posttest in the
form of 20-min interviews. With respect to children’s learning
gains, the human teacher clearly outperformed the other
conditions. Unsurprisingly, learning gains in the robot
conditions were significantly better than the control condition.
In terms of children’s lesson attention (as measured by gaze
towards either the instructor or visual aids), they were the most
attentive towards the teacher (91%), followed by the animated
robot (88%), the stationary robot (78%), and finally, the tape
recorder (60%). However, the difference between attention levels
towards the teacher and animated robot was not statistically
significant (Draper and Clayton, 1992). Thus, it seems that the
robot was able to capture the children’s attention, but perhaps not
teach them like the human teacher could.

While not many studies were done immediately after 1992,
comparative studies of robots and humans have received an
upswing in the past decade. For instance, Park et al. (2011)
conducted a between-subjects comparative experiment with
university students (N = 126) aged 19-33 in Seoul, Korea,
where the students attended a 10-min history lecture about
the Renaissance era followed by a knowledge test. Independent
variables included either a robot or a human instructor, as well as
different forms of random feedback on the participants’ posttest
performances (positive, neutral or negative). The results of the
study revealed that the students were generally more accepting
towards receiving feedback from the human instructor. In terms
of attraction to the instructor, the students were significantly less
attracted to the robot instructor when it provided negative
feedback; however, the same effect did not apply to the
human instructor (Park et al., 2011).

With respect to children, studies comparing robots to human
instructors/tutors have been conducted with children ranging
from the younger ages of 2-5 (Moriguchi et al., 2010; Moriguchi
et al.,, 2011; Kory Westlund et al., 2017), and 6-9 (Chandra et al.,
2015; Kennedy et al., 2016a; Zhexenova et al., 2020), to 11-15-
year olds (Serholt et al., 2014).

The studies with younger children focused on the learning of
novel words (Moriguchi et al., 2011; Kory Westlund et al., 2017)
or to what extent a robot versus a human could influence
children’s behavior (Moriguchi et al., 2010). In the latter case,
perseverative behaviors in children as influenced by either a
robot’s or a human’s demonstration of how to sort a deck of
cards (on video) were investigated. Specifically, the human/robot
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would sort the cards according to either color or shape. Then, an
experimenter asked the children to sort the cards opposite to what
they had observed on the video (i.e., if they had watched color
sorting, they were asked to sort the cards according to shape, and
vice versa). Interestingly, the results revealed a significant
influence of the human demonstration on children, leading
them to produce significantly more mistakes compared to the
robot condition as well as a baseline condition. Similarly, but in
terms of children’s word-learning, Moriguchi et al. (2011) found
that children learned new words significantly better from a
human compared to a robot even though the children only
watched videos of either a human or a robot labeling different
objects. In contrast, Kory Westlund et al. (2017) found no
significant differences between a robot and a human with
respect to children’s learning of novel words. Here, it might be
the case that the embodiment and presence of the different robots
played a role. While the studies by Draper and Clayton (1992)
and Moriguchi et al. (2011) used quite mechanical-looking robots
(i.e, Hero 1 and Robovie), Kory Westlund et al. (2017) used a
version of the MIT-developed Tega robot. The Tega robot has a
zoomorphic and fluffy appearance with a high-pitched voice, and
probably resembles a stuffed toy more than the stereotypical
image of a robot.

In relation to children between six and 9 years old,
Kennedy et al. (2016a) compared a robot tutor to a human
tutor in the context of a lesson on prime numbers. A between-
subject design was employed with children (N = 22) aged
around 8years old. The results showed that both
experimental groups had improved significantly on a post-
test, and while there were no significant differences between
the robot and the human, differences in effect size were
noteworthy. Thus, the authors concluded that the
experiment partially confirmed their hypothesis that
children learned better with a human tutor. Moreover,
Chandra et al. (2015) conducted a between-subjects
experiment in a Portuguese school with 6-8-year-old
students (N = 40) in which they compared a robot to a
human facilitator in a learning-by-teaching situation.
However, unlike the current study with a robot tutee
compared against a child tutee, their scenario looked at a
facilitator role. Specifically, pairs of children were randomly
assigned to either a teacher or a learner role in an interactive
writing session where the child in the teacher role was tasked
to provide feedback to the learner following his or her
writing. Each session was facilitated by either a robot or a
human who would ask the teacher-child to provide feedback.
The results indicated that the child in the teacher role took
more responsibility for the learner-child when a robot
facilitated the session as demonstrated by more elaborate
feedback. Significant learning gains were seen for both
groups, and there were no significant differences between
them. Further, in a study using a robot tutee, Zhexenova et al.
(2020) found that children aged seven to nine from a school in
Kazakhstan significantly improved their learning of Latin
script letters when teaching them to a robot. Yet, their
learning was only slightly higher than children who only
used a tablet, and lower than a group taught by a human
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teacher; none of these findings were statistically significant.
With respect to subjective experiences, the robot received the
highest likeability rating, the teacher received the highest
effectiveness rating, but no statistical differences were found
for interest and easiness (Zhexenova et al., 2020).

Looking at older children and adolescents, Serholt et al. (2014)
carried out a between-subjects comparative experiment of a robot
tutor and a human tutor with 11-15-year-old students (N =27) in
a Swedish school. The children were tasked to follow step-by-step
instructions in constructing a small and simple house using
LEGO-bricks from either tutor. The study found that the
children performed equally well in terms of task success in
both conditions. They tried to request help from the human
tutor, whereas this never happened with the robot. While signs of
engagement were significantly higher for the human condition,
children in the robot condition were significantly keener on
performing well. In terms of changes in pre- and post-test
attitudes toward the robot’s scores, children in both conditions
became significantly more positive about situations and
interactions with robots, and the social influence of robots. As
concerns differences between conditions, the children in the
robot condition became more positive towards conducting
their schoolwork with a robot, and they also assigned a higher
level of conceptual meaning to the word ‘robot’ following the
experiment (Serholt et al., 2014).

The aforementioned studies all share the fact that a robot was
compared to a human adult. The current study thus addresses a
clear gap in the empirical literature by comparing a robot tutee to
children as tutees.

MATERIALS AND METHODS

In this small-scale field experiment, we explored how 12 to 13-
year-old students (sixth-graders) perceive a game-based peer-
tutoring activity depending on if the tutee is either a social robot
(Pepper from Softbank Robotics) or a 9 to 10-year-old child (a
third-grader). In this paper, we present the results of the tutors’
subjective responses to a set of measures administered after the
experiment.

The Student Tutor and Robot Tutee System
The experiment was carried out as an evaluation study of the
robot system developed within the Student Tutor and Robot
Tutee (START) project (Pareto et al., 2019; Serholt et al., 2020).
The aim of the START project has been to explore the potentials
of robot tutees in education by augmenting an existing game in
mathematics with a robot tutee (Pareto et al., 2019). Specifically,
the project sought to 1) develop an effective robotic learning
companion, 2) leverage learning of the educational content by
combining game-based and inquiry-based learning, and 3) model
ideal learner behavior such as scientific inquiry reasoning for the
tutor to be inspired by and to imitate (Pareto and Barendregt,
2016). The selected game has previously been shown to be highly
effective for computational, conceptual, and strategic thinking in
mathematics learning (Pareto et al, 2011; Pareto, 2014). The
original system was based on the same learning-by-teaching
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FIGURE 1 | The START System showing the card hands and visible
cards for the tutee and tutor on the left- and right-hand side, respectively. The
tutor name has been redacted to preserve the participant’s anonymity.

approach, but rather than a robot tutee, it utilized a virtual text-
based agent without any social behavior. The START System thus
consists of a wall-mounted interactive whiteboard displaying the
educational game, and a social robot tutee (Pepper from Softbank
Robotics) placed towards the left side of the screen (see Figure 1).
In a previous study using an earlier version of the system, we
explored interaction trouble and repair (Serholt et al., 2020).
The game is called the Graphical Arithmetic Game, and it
is a 2-player card game in which mathematical values are
graphically represented by colored blocks on an interactive
whiteboard or display (Pareto, 2014). The players take turns
playing their respective cards, with the goal to reach a
designated value displayed on a joint game board. The
game comprises a set of mini-games based on identical
gaming principles. In this particular experiment, we used a
mini-game called “Find the Pair up to 100”. The aim of the
game is to choose the two cards that equal the sum of
whatever value is displayed on the screen (max = 100).
Each round consists of the players playing two cards, one
from each player. There are always four cards available to
choose from in each player’s hand, which means that there are
16 possible combinations for each round. The blocks differ in
colors depending on if they represent values in tens (orange)
or ones (red). The players discuss and agree on an appropriate
match of cards for each round. Once a card is selected from
the active player’s side of the screen, it transfers over to the
game board through an animation visualizing the number of
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blocks. It is then the other player’s turn to select a matching
card. Once a card is played, it cannot be withdrawn, so the
players need to discuss which two cards to choose before they
play, in order to play well. Hence, each game round gives rise
to strategic discussions regarding methods to find the pair,
e.g., by excluding all cards greater than the sum, but also
approximate as well as exact mental calculations to judge a
proposed pair. There is a span of difficulty levels within the
task of mental integer addition depending on the two integers
involved in the sum (Buijsman and Pantsar, 2020). For each
correct pair, a star is added to the scoreboard. If the answer is
incorrect, a dialog box appears signaling this. The game is
completed when the two players have played ten rounds.
The robot’s social behavioral repertoire has been developed
through a co-design process with children (Barendregt et al.,
2020), and with a particular focus on designing the robot to
behave in a way believable for a tutee. In this final version of the
system, the robot’s behavior includes gestures, gazing, a text-to-
speech engine and automatic speech recognition in Swedish for
verbal communication. The robot is connected to the game
through a local wireless network such that the robot’s
behavior is contingent on the tutor’s actions in the game
(selection of cards) and interaction with the tutee (responses
to questions). Throughout the game, the robot asks inquisitive
questions about the game mechanics and the current arithmetic
problem. Depending on how well the tutor manages to answer the
robot’s question, upcoming questions can increase or decrease in
difficulty. The robot can also restate a previously unanswered
question, provide positive feedback on the tutor’s teaching
abilities, and express enjoyment. At the beginning of the game,
the robot is at a novice stage and does not play its own cards yet.
Instead, it asks basic questions or makes random “guesses” as to
what card it should try and play and that the tutor then selects.
After approximately 10 min of gameplay, the robot begins
selecting cards on its own after asking the tutor for approval.

Research Design

The experiment was conducted in an empty classroom at a
primary school in Sweden. In order to compare the two
educational scenarios, the experiment followed a within-
subjects design, in which the order of both conditions, robot
tutee (RT) and child tutee (CT), were counterbalanced for half of
the participants. The second condition was conducted as a
separate session, 2 days after the first session.

Participants

Twenty students at the school participated in the study; ten sixth-
graders as tutors and ten third-graders as tutees. As explained
previously, this study focuses on the subjective experiences of the
sixth-graders (N = 10; 5 girls; 12-13-year-olds) in their roles as
tutors. The sixth-graders had previous experience both playing
the Graphical Arithmetic Game (albeit some of the easier mini-
games) and interacting with the robot during the iterative
development and participatory design process of the START
project (Pareto et al., 2019; Barendregt et al., 2020). They had
also taken part in a previous study with the mathematics game
and an earlier version of the RT in groups with their classmates
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TABLE 1 | ltems on the two evaluation questionnaires (RT = Pepper; CT = younger student).

Construct Item

1. Enjoyment It was fun to play with Pepper/younger student

2. Clarity of task It was clear what | was supposed to do

3. Collaboration Pepper/younger student and | collaborated well

4. Communication Me and Pepper/younger student understood each other well
5. Quality of questions | thought Pepper/younger student asked good questions

6. Need for teacher It was unnecessary that the teacher was there

presence
7. Need for teacher help

younger student
8. Tutee learning® | think | taught Pepper/younger student mathematics
9. Tutor learning

student

| did not need help from the teacher to play with Pepper/

| got better at mathematics by playing with Pepper/younger

Inverse

It was boring to play with Pepper/younger student*

It was unclear what | was supposed to do*

It was hard to collaborate with Pepper/younger student*

Me and Pepper/younger student did not understand each other*

| thought Pepper/younger student should have asked better questions*
It was good that the teacher was there®

| needed help from the teacher to play with Pepper/younger student*
| do not think Pepper/younger student learned any mathematics from me*

My knowledge in mathematics did not improve by playing with Pepper/
younger student*

A\While it may appear as though the items for Construct 8 are asymmetrical in the use of “taught” versus “learned”, it should be noted that the Swedish translation for “taught” is the same as

‘learn”, i.e., tutee learning is implicit in both items.

(Serholt et al., 2020). Consequently, the sixth-graders were
familiar with the concept that they served as tutors in this
scenario.

Procedure

Prior to the study, children’s legal guardians provided written
informed consent, whereas the children provided written assent.
Each of the participating children was allocated a 35-min time
slot per experimental condition. First, the participant was invited
to the experimental classroom. In the CT condition, the sixth-
and third-grader were invited to the experimental classroom
together where they were introduced to each other; no
additional familiarization phase was held for the tutor-tutee
pairs and we did not investigate if any of the pairs knew each
other beforehand. In the experimental classroom, participants
were given a brief introduction to the experiment, including their
roles as tutors responsible for guiding and teaching the game to
the CT and RT, respectively. Participants were then asked to
confirm their assent to be video-recorded, whereby the game was
started. As mentioned previously, each game consisted of ten
rounds. In cases where there was time left after the first game, the
participants were given the opportunity to play again.

During both conditions, the sixth-graders’ mathematics
teacher was present to provide guidance and support when
needed, and at her own discretion. In addition, two
researchers handled the technical equipment and data
collection. Thereafter, debriefing sessions were held during
which the sixth-graders responded to questionnaires
measuring their perceptions of the interactions.

Measures

We administered three types of quantitative instruments for
gauging participants’ subjective perceptions of the interactions:
1) a custom 18-item evaluation questionnaire with responses
given on a 5-point ordinal scale ranging from strongly
disagree—strongly agree; 2) a 4-item visual analogue scale
(VAS); and 3) a 5-item Again and Again (A&A) table. The
VAS and A&A table were both adapted from the Fun Toolkit,
which is a set of validated instruments developed by Read (2008)
for evaluating technology with children, whereas the

questionnaire was developed by the research team. All
measures were designed or adapted for the purpose of
addressing our research question and for evaluating the
START system against the target aims of the overall research
project. The questionnaire was administered directly after each
condition, whereas the VAS and A&A were administered upon
completion of both conditions.

In addition, logs detailing time duration, number of rounds,
and number of points were extracted from the game. Video
recordings of the interaction sessions will be analyzed and
presented in a separate publication.

Evaluation Questionnaire

The 18-item questionnaire was developed jointly by the research
team. It includes nine pairs of items (see Table 1) measuring
enjoyment, how understandable and clear the task felt, how well
the tutor and tutee collaborated, how well they communicated or
understood each other, as well as a subjective rating of the quality
of the tutee’s questions. It also measured to what extent they felt
in need of the teacher’s presence, as well as how much help they
felt they needed from the teacher. Finally, it measured perceptions
of learning: both the tutor’s own learning, as well as the tutee’s
learning. For all items, we used 5-point Likert scales®, with the
most negative response anchors on the left (i.e., strongly disagree,
disagree, neither, agree, and strongly agree). To increase reliability
and avoid swaying the participants to answer in a socially
desirable way, inverted (negatively keyed) items were included
for all items (cf. Paulhus, 1991). This resulted in 9 positively and 9
negatively worded items for all constructs. The ordering of the
items was randomized to avoid presenting positively or negatively
framed items in any particular order. The questionnaires for the

*While we considered using a smiley face ordinal response scale, as is common
practice for studies with children (Hall et al., 2016), we opted to avoid this since
there is a lack of research that has explored the appropriateness of using smiley face
response scales for negatively worded items. For instance, one could argue that it
might feel counterintuitive to respond to a statement such as “Playing with the
robot was boring” with a happy face to indicate agreement. The fact that the
participants were around 12 years old also suggests a level of maturity for
comprehending conventional Likert-type ordinal scales.
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TABLE 2 | VAS items.

Construct Item Semantic differential
scale
1. Enjoyment What did you think of the Very boring—very fun
activity?
2. Task experience  How did you think the activity Very bad—very good
worked?

7. Need for teacher  How much did the teacher need

help to help?

9. Tutor learning How much mathematics did you
learn?

Very little—very much

Very little—very much

two conditions were identical apart from the references to the
tutee (RT = Pepper; CT = younger student).

Prior to the study, the questionnaire was piloted with a child in
the sixth grade through a think-aloud approach, which suggested
that the questions were clear and easy to understand. However,
some of the inverted items containing the formulation “not/do
not” were misread when read quickly. To address this, such
negations were formatted in bold font.

Visual Analogue Scale

The visual analogue scale (VAS) used for this study comprised
four items to gather a continuous measure of enjoyment, how
well the activity worked, perceptions of own learning, and how
much the teacher needed to help. Our implementation of this
VAS was loosely based on the Fun Sorter from the Fun Toolkit
(Read, 2008). Each item contained pictures illustrating the two
conditions both above and below the analogue rating scale. The
participants’ task was to draw a line from each picture to the scale
line in the center. The lines were designed as semantic differential
scales, containing antonyms at each end (very boring-very fun;
very bad-very good; very little-very much). Items are presented in
Table 2.

Again and Again Table

The Again and Again (A&A) table used for this study was again
adapted from the Fun Toolkit (Read, 2008). An A&A table asks a
straightforward question at the top of a table (i.e., “Would you like
to do the following again?”). In the present study, the participants
responded by providing a checkmark in the appropriate box (Yes,
maybe, or no) next to a set of scenarios illustrated through
pictures and a written description below each picture. Each of
the five items (except for the first) consisted of scenarios they had
encountered previously, i.e.: 1) playing the math game on their
own, 2) playing the math game with the RT, 3) playing the math
game with the CT, 4) playing the math game with the RT and
classmates, and 5) hanging out with the RT without playing the
math game. The A&A table is available as supplementary
material.

Data Processing and Analysis

Data were processed and analyzed using IBM SPSS 28. First,
ratings of negatively worded items were recoded for both the
questionnaire and the VAS, such that higher values reflect
positive judgments. We likewise recoded responses for the
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items concerning help from the teacher to simplify our
analysis, i.e, low scores thus indicate that the participant
needed/received a lot of help.

For the questionnaire, we then calculated the mean of the
original and inversed item pairs to obtain a composite score for
each of the nine constructs. As recommended by Eisinga et al.
(2013), we report Spearman-Brown reliability estimates, since
each of our scales comprised two congeneric items. Despite the
small number of items, the reliability of most constructs was
acceptable or higher for most of our constructs (enjoyment p =
0.843; collaboration p = 0.902; communication p = 0.883; quality
of questions p = 0.797; need for teacher presence p = 0.803;
teacher help p = 0.551; tutee learning p = 0.661; tutor learning p =
0.824). The estimated reliability of one construct was less than
acceptable’ (clarity of task p = 0.183). We nevertheless retained
this construct for conceptual reasons.

For the VAS, we measured participants’ responses in
millimeters from the center of the line, with negative values
denoting a negative response. We then calculated the percentage
of each response based on the full length of the scale line from the
center. If the participant had drawn a line extending past the full
length of the scale line in either direction, this was recorded
as + 100%, which occurred in 5/80 responses.

Given the small sample size, we opted to limit our analysis to
non-parametric statistical testing. As this was a within-subjects
design, we focus mainly on individual differences and related
samples testing using Wilcoxon signed-rank tests. We also
calculated effect sizes to show the strengths of effects.

RESULTS

The game logs showed that the participants spent between 12 min
33s and 34 min 21 s actively playing the game with the tutees.
The average game time appeared to be slightly higher in the RT
condition (M = 26 min 29s; SD = 06 min 8s) than in the CT
condition (M = 24 min 20s; SD = 4 min 51s). However, this
difference was not statistically significant (Z = -0.764, p = 0.445,
r=-0.17). Similarly, the frequency of correct answers were higher
on average in the CT condition (M = 95.5; SD = 4.97) compared to
the RT condition (M = 91.17; SD = 15.11). However, these
differences were not statistically significant either (Z = —-0.843,
p =0.399; r = -0.19).

Enjoyment and Interaction Willingness

With respect to enjoyment of the interaction, children generally
indicated that they were very positive towards both the child and
robot tutee on the questionnaire administered immediately
following each condition: M = 4.8, SD = 0.42 for the CT, and
M = 4.7, SD = 0.42 for the RT. Thus, enjoyment reported by the
children appeared to reflect a ceiling effect, suggesting that
children very much enjoyed playing the game with either type
of tutee. On the VAS administered at the end of the study,

’Due to the small sample size, we estimated p based on the pooled ratings from both
experimental conditions (CT, RT).
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FIGURE 2 | Diverging bar chart showing frequencies of children’s responses to the set of questions on the A&A table.
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FIGURE 3 | Box plots showing children’s perceptions of ease of communication, collaboration and quality of questions for the RT and CT (x = means; lines =
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enjoyment ratings for the CT and RT were likewise positive,
although there did not appear to be a ceiling effect for this
measure: M = 72.01, SD = 21.07 for the CT and M = 72.44,
SD = 23.29 for the RT (i.e., on a scale from -100 to 100). Wilcoxon
signed-rank tests did not indicate any significant differences
across conditions on either the questionnaire (Z = -0.816, p =
0.414, r = -0.18) or the VAS (Z = -0.070, p = 0.944, r = -0.02).

In the A&A table, all children responded either “yes” or
“maybe” to wanting to play the math game again with the RT
and the CT (see Figure 2). Similar responses were seen for
their willingness to hang out with the RT without playing the
game. However, they were slightly less certain towards
playing the math game with the RT and their classmates as
they had done in our previous study (Serholt et al., 2020). A
majority were disinterested in playing the math game alone,
suggesting a strong motivational contribution of the
interaction with a tutee during the game. There were no
significant differences between their willingness to play the
game again with the CT and the RT (Z=-0.577,p =0.564, r =
—0.13), or to play the game again with the CT and to hang out
with the RT (Z = —0.577, p = 0.564, r = —0.13).

Communication and Collaboration
As can be seen from Figure 3, children’s perceptions of the tutees

in terms of ease of communication and collaboration were
generally more positive towards the CT. The differences were
significant with large effect sizes for questions pertaining to both
collaboration (Z = -2.399, p = 0.016, r = —-0.54) and
communication (Z = -2.844, p = 0.004, r = —0.64). However,
children’s perceptions of the quality of the tutees’ questions did
not differ significantly between the RT and the CT (Z = -0.780,
p =0.435, r = —0.18), although it is worth noting that there was a
missing value for one participant on this construct in the RT
condition.

Task Clarity and Experience

On the questionnaires and the VAS, children were asked to rate
how clear they felt that the overall task was (task clarity), and their
experience of how well it worked (task experience). In terms of
clarity, they appeared to be slightly more positive towards the
interaction with the CT (M =4.85, SD = 0.34) compared to the RT
(M =4.45,SD =0.37) (see Figure 4A); however, statistically, these
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FIGURE 4 | Box plots showing children’s responses to (A) questionnaire items on task clarity, and (B) VAS items on how well the task worked, both across
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FIGURE 5 | Box plots showing comparisons of composite scores for
inverted items regarding need for teacher help, hence signifying the tutor’s
sense of autonomy for the RT and the CT (x = means; lines = medians;
whiskers = ranges).

findings were marginally significant with a moderate effect size
(Z=-1.903, p = 0.057, r = —0.43). In terms of how well the task
worked, on average, they appeared to perceive the interaction
with the CT somewhat more positively than the RT (Mcy = 65.91,
SD = 20.86 versus Mgt = 52.49, SD = 38.43) (see Figure 4B).
Again, these differences were marginally significant with a
moderate effect size (Z = —1.680, p = 0.093, r = —-0.38).

Tutor Autonomy

As mentioned in Section 3.6, children’s perceptions of their
autonomy as tutors were assessed based on their stated need
for teacher presence and help. On the evaluation questionnaires,
children indicated a low sense of autonomy related to the

presence of the teacher (Mg = 1.80, SD = 0.71; Mcr = 2.20,
SD =0.71), as well as external help (Mg = 2.55, SD = 0.44; Mt =
3.60, SD = 0.810). This suggests that they did not find it feasible to
act as tutors and handle the sessions without teacher support,
particularly not with the RT. There were no significant differences
between conditions concerning the need for teacher presence,
albeit a moderate effect size (Z = —1.358, p = 0.174, r = —0.30).
However, the difference for teacher help was significant, such that
the tutor fared better without help in the CT condition compared
to the RT condition (Z = -2.573, p = 0.010, r = —0.58; see
Figure 5). On the VAS, responses were more spread out and
unevenly ranked (Mgpr = 24.11, SD = 54.72; Mcr = 43.57, SD =
40.78); thus, a small effect size with no significant differences was
found (Z = -1.172, p = 0.241, r = —0.26).

Learning Gains

Finally, perceived learning gains for the tutee as well as for the
tutor were assessed through the questionnaires and the VAS.
Here, children indicated that they believed the RT and CT learned
almost equally well (Myr = 3.95, SD = 0.55 compared to Mcr =
4.00, SD = 0.62; Z = -0.431, p = 0.666, r = —0.10). Concerning
perceptions of the tutors’ own learning gains in mathematics,
responses were lower for both the RT and CT compared to
perceived tutee learning (Mg = 3.05, SD = 0.72; Mcp =2.75,SD =
0.92). These differences were significant with large effect sizes
within both the RT (Z = -2.401; p = 0.016, r = —0.54) and the CT
(Z=-2.501; p =0.012, r = —0.56) conditions. On the VAS, many
responses were on the negative end of the scale with respect to
perceived learning gains of the tutor (Mgt = —0.56, SD = 57.13;
Mcr = 1.33, SD = 63.38). In other words, while children generally
believed that the tutees experienced some learning gains, they
were much less inclined to consider that they themselves
improved their mathematics learning in their roles as tutors
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FIGURE 6 | Box plot (from questionnaires) showing children’s
perceptions of tutee and tutor learning gains in mathematics across conditions
(x = means; lines = medians; whiskers = ranges).

(see Figure 6). With respect to perceptions of tutor learning gains
across the two conditions, there were no significant differences
between conditions on either the questionnaires (Z = -1.604, p =
0.109, = —0.36) or the VAS (Z = —0.280, p = 0.779 r = —0.06),
although there was a moderate effect size on the questionnaire
suggesting that the tutor felt they learned more with the RT than
with the CT.

DISCUSSION

This is the first study to systematically compare robots to human
tutees and children in particular. Earlier studies have until now
only compared robots to adults in teaching or facilitator roles,
and typically only used one particular person, meaning that
results are highly dependent on the personality of that
individual, and, perhaps, his or her previous experience with
children. By involving different children as tutees for comparison,
we were able to circumvent this limitation and focus more on the
learning-by-teaching situation itself. As demonstrated by a
growing number of studies applying the learning-by-teaching
approach (Koh et al., 2018; Kobayashi, 2021) being in the tutoring
role can be a very effective learning instrument, so it is important
to study the mechanisms beneficial for learning-by-teaching such
as when it involves robot tutees.

Our results suggest high enjoyment with the activity
regardless of the tutee condition. The teacher’s presence
was highly valued in both cases; however, the need for
teacher help was more pronounced in the robot condition.
As discussed in previous studies, it is important to consider
the presence of adults such as teachers or therapists during
CRI (Lemaignan et al., 2016), and what influence they may
have on the interaction and experience (cf. Serholt, 2018;
Serholt et al., 2020). Had the teacher not been present during
the interaction sessions (particularly with the robot tutee),
this study would likely have yielded a different set of results.
Indeed, video data obtained from the study which is currently
being analyzed suggests that the teacher was highly involved
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in the interaction, also with some technical support from the
researchers running the experiment. Such active involvement
of adults provides some guarantee that the experiments could
run smoothly, without which children’s subjective
experiences of the sessions may have been less positive
overall.

Further, the tutors did not consider that they themselves
learned very much from the activity; yet they thought that
both the child and the robot tutee learned some mathematics
as a result of their teaching. This is interesting in relation to
believability in the learning-by-teaching scenario, i.e., that the
tutee appears to learn (Hood et al., 2015; Pareto et al., 2019). Even
so, since beliefs that the tutee was learning in response to their
teaching did not spill over to assessments of their own learning,
this may suggest that these are two rather distinct and possibly
unrelated mechanisms in learning-by-teaching. Another
explanation could be that the game was simply a bit too easy
for a sixth-grader in that it only focused on mental arithmetic.
This is supported by the fact that the frequencies of correct
answers were fairly high for most tutor-tutee pairs.

Furthermore, overall experiences pertaining to the task and
how clear it felt differed somewhat in favor of the session with the
younger child. We further observed significant differences
between conditions in relation to perceptions of tutor-tutee
collaboration and understanding, both in favor of the younger
child. This can be expected, as verbal communication with fully
autonomous robots is very difficult to achieve due to technical
limitations in current speech recognition
technology—particularly the speech recognition used in off-
the-shelf robots (Belpaeme et al., 2018; Serholt et al., 2020).
There will most likely always be limitations in how well AI
can collaborate and socialize with people, due to
computational limitations of understanding and relating to the
world (Broussard, 2018). Furthermore, limited experiences of
interacting with robots can affect the interaction as people are not
sure what to expect (Thunberg and Ziemke, 2020). Since
communication is a prerequisite for collaboration to work, it is
not surprising that children find it easier to interact with another
child. This supports and supplements previous research that has
compared robots to human adults, suggesting that robots are
found highly likeable by children, but may not measure up to a
human in other regards (Serholt et al,, 2014; Kennedy et al.,
2016a; Zhexenova et al., 2020).

Limitations and Future Work
This paper’s results are based on empirical data consisting of
children’s  subjective  perceptions through  quantitative
questionnaires. We have not studied how the interactions
unfolded, and are therefore unable to provide any contextual
explanations for participants’ responses. This limits the
conclusions that can be drawn from these results. In future
work, we will conduct video analysis of the interaction
sessions, which will be discussed in relation to these findings.
Another limitation of this study was its small sample size. This
was due to the fact that this research coincided with the corona
pandemic, which limited possibilities for conducting research in
schools. Although we have accounted for this in our statistical

Frontiers in Robotics and Al | www.frontiersin.org

February 2022 | Volume 9 | Article 836462


https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles

Serholt et al.

analysis, we advise future work comparing robots to humans to
recruit more participants.

Moreover, enjoyment reported by the participants
appeared to reflect a ceiling effect in the questionnaire.
However, there was no appearance of a ceiling effect on
the enjoyment measure for the VAS. This suggests that
continuous measures could be helpful for questionnaire
items that tend to produce ceiling effects.

Finally, the Spearman-Brown correlation coefficients for
one of the constructs on the evaluation questionnaire was
quite low. While our small sample size limits the extent to
which these reliability estimates can be meaningfully
interpreted (cf. Bonett and Wright, 2000), it is possible
that some children responded in a socially desirable way
on positively keyed questions whereas they were more
honest when a question was negatively framed (or vice
versa). It could also be the case that some children simply
misread some of the items and interpreted them as the
opposite of what was intended, despite our use of bold
font for negations. Notwithstanding these considerations,
future work could aim to include scales with a larger
number of items to increase robustness (Eisinga et al,
2013). This should, of course, be balanced against the risk
of making the questionnaire too long and tiresome for
children; e.g., one might then consider limiting the
number of constructs.

CONCLUSION

In this study, we compared a robot tutee to a human tutee in
the context of a collaborative mathematics game with the
rationale that humans can serve as baselines for comparison
and, hence, evaluation of a robot’s feasibility in whatever
context it may be designed for. Such studies are still quite few
and far in between, and the reasons for this may partly be
related to the fact that researchers tend to view robots as
supplementary to human practices rather than as
replacements. Even so, robots will invariably replace some
aspects of the educational practice, and it is therefore
important to explore how close a robot can come to more
traditional approaches.

Overall, our study illustrated that learning-by-teachingis a
new and challenging task, and sixth-graders still required and
appreciated the guidance and support offered by their
teacher. Furthermore, it is perhaps not surprising that the
children in our study, overall, tended to perceive tutoring
another child as easier compared to tutoring a robot.
Nevertheless, it is remarkable how similar and positively
both robot and child tutees were perceived in this study.
For example, children attributed substantial learning gains in
mathematics to the robot tutee—and these learning gains
were perceived as exceeding their own learning gains, just as
was the case for child tutees. Together, these findings suggest
that the robot tutee could generally function in this role,
albeit somewhat less well as another child. Indeed, we argue,
it may not be necessary or even necessarily desirable for the
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robot tutee to match or outperform a child tutee in all of these
respects. Instead, if future social robots become sufficiently
adept for specific tutee roles, children may feel comfortable
using them to practice their own teaching abilities.

Notwithstanding, it is important that any use of robots in
education is subjected to a cost-benefit analysis and considered
in light of current practices. If learning-by-teaching and peer
tutoring is an effective method for learning, and can provide
benefits for both tutor and tutee, such practices could be
implemented more often in schools if they are not already
even without robots—particularly if learning-by-teaching
involving younger students is preferred by children. Of
course, collaborations across school grades and curricula are
not always possible to orchestrate. Yet, this should also be
contrasted against the costs and practical difficulties in
providing pedagogical staff for CRI-sessions with individual
students. Given children’s low sense of autonomy in tutoring a
robot themselves, along with the ethical implications of leaving
children alone with robots, we anticipate that unsupervised
and unguided CRI-sessions will continue to be unrealistic for
the foreseeable future.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
institutional requirements. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

LP, SS, SE, and SL contributed to the research design. SS and SE
designed the data collection instruments with guidance from SL
and LP. SE and LP carried out the study and collected the
empirical data. SS conducted the analysis with the help of DK.
SS drafted the manuscript. All authors contributed to the
authoring of the final manuscript.

FUNDING

This work was partially supported by the Marcus and Amalia
Wallenberg Foundation and was funded in part by the project
START (Student Tutor and Robot Tutee); MAW 2016.0117. The
authors are solely responsible for the content of this publication.
It does not represent the opinion of the Wallenberg Foundation,
and the Wallenberg Foundation is not responsible for any use
that might be made of data appearing therein.

Frontiers in Robotics and Al | www.frontiersin.org

February 2022 | Volume 9 | Article 836462


https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles

Serholt et al.

ACKNOWLEDGMENTS

We thank the children, their teacher and their schools for participating
in this study. We also wish to thank Wolmet Barendregt for her time
in our research project and for her contributions to the design process.

REFERENCES

Aslan, S. (2015). Is Learning by Teaching Effective in Gaining 21st Century Skills?
the Views of Pre-service Science Teachers. Educ. Sci. Theor. Pract. 15 (6),
1441-1457. doi:10.12738/estp.2016.1.019

Bainbridge, W. A., Hart, J. W., Kim, E. S., and Scassellati, B. (2011). The Benefits of
Interactions with Physically Present Robots over Video-Displayed Agents. Int.
J. Soc. Robotics 3 (1), 41-52. doi:10.1007/s12369-010-0082-7

Barendregt, W., Ekstrom, S., Kiesewetter, S., Pareto, L., and Serholt, S. (2020).
Demystifying Robots in the Co-design of a Tutee Robot with Primary School
Children. Interaction Des. Architecture(s) J. - IxDe~A (44), 109-128.

Belpaeme, T., Kennedy, J., Ramachandran, A., Scassellati, B., and Tanaka, F. (2018).
Social Robots for Education: A Review. Sci. Robot. 3 (21). doi:10.1126/
scirobotics.aat5954

Biswas, G., Leelawong, K., Schwartz, D., and Vye, N.The Teachable Agents Group
at, V. (2005). Learning by Teaching: A New Agent Paradigm for Educational
Software. Appl. Artif. Intelligence 19 (3-4), 363-392. doi:10.1080/
08839510590910200

Bonett, D. G., and Wright, T. A. (2000). Sample Size Requirements for Estimating
pearson, Kendall and spearman Correlations. Psychometrika 65 (1), 23-28.
doi:10.1007/BF02294183

Broussard, M. (2018). Artificial Unintelligence: How Computers Misunderstand the
World. MIT Press.

Bryson, J. J. (2010). “Robots Should Be Slaves,” in Close Engagements with
Artificial Companions: Key social, psychological, ethical and design issues.
Editor Y. Wilks. John Benjamins. doi:10.1075/nlp.8.11bry

Buijsman, S., and Pantsar, M. (2020). The Complexity of Mental Integer Addition.
J. Numer. Cogn. 6 (1). doi:10.5964/jnc.v6i1.218

Chandra, S., Alves-Oliveira, P., Lemaignan, S., Sequeira, P., Paiva, A, and
Dillenbourg, P. (2015). “Can a Child Feel Responsible for Another in the
Presence of a Robot in a Collaborative Learning Activity,” in Proceedings of the
2015 24th IEEE International Symposium on Robot and Human Interactive
Communication, Kobe, Japan (RO-MAN), 167-172.

Chandra, S., Dillenbourg, P., and Paiva, A. (2020). Children Teach Handwriting to
a Social Robot with Different Learning Competencies. Int. J. Soc. Robotics 12
(3), 721-748. doi:10.1007/s12369-019-00589-w

Chase, C. C.,, Chin, D. B., Oppezzo, M. A., and Schwartz, D. L. (2009). Teachable
Agents and the Protégé Effect: Increasing the Effort towards Learning. J. Sci.
Edu. Tech. 18 (4), 334-352. doi:10.1007/s10956-009-9180-4

Chen, H., Park, H. W,, and Breazeal, C. (2020). Teaching and Learning with
Children: Impact of Reciprocal Peer Learning with a Social Robot on Children’s
Learning and Emotive Engagement. Comput. Edu. 150, 103836. doi:10.1016/j.
compedu.2020.103836

Danabher, J. (2019). The Philosophical Case for Robot Friendship. J. Posthuman
Stud. 3 (1), 5-24. doi:10.5325/jpoststud.3.1.0005

Davison, D. P., Wijnen, F. M., Charisi, V., Meij, J. v. d., Evers, V., and Reidsma, D.
(2020). “Working with a Social Robot in School: A Long-Term Real-World
Unsupervised Deployment,” in Proceedings of the 2020 ACM/IEEE
International Conference on Human-Robot Interaction (New York, NY:
Association for Computing Machinery), 63-72.

Draper, T. W., and Clayton, W. W. (1992). Using a Personal Robot to Teach Young
Children. J. Genet. Psychol. 153 (3), 269-273. doi:10.1080/00221325.1992.
10753723

Eisinga, R., Grotenhuis, M., and Pelzer, B. (2013). The Reliability of a Two-Item
Scale: Pearson, Cronbach, or Spearman-Brown? Int. J. Public Health 58 (4),
637-642. doi:10.1007/s00038-012-0416-3

Gunkel, D. J. (2019). How to Survive a Robot Invasion: Rights, Responsibility, and
AI New York, NY: Routledge.

Comparing a Robot Tutee to a Human Tutee

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/frobt.2022.836462/
full#supplementary-material

Hall, L., Hume, C., and Tazzyman, S. (2016). “Five Degrees of Happiness: Effective
Smiley Face Likert Scales for Evaluating with Children,” in Proceedings of the
The 15th International Conference on Interaction Design and Children (New
York, NY: IDC), 311-321.

Hood, D., Lemaignan, S., and Dillenbourg, P. (2015). “When Children Teach a
Robot to Write: An Autonomous Teachable Humanoid Which Uses Simulated
Handwriting,” in Proceedings of the Tenth Annual ACM/IEEE International
Conference on Human-Robot Interaction (New York, NY: Association for
Computing Machinery), 83-90.

Hoogerheide, V., Visee, J., Lachner, A., and van Gog, T. (2019). Generating an
Instructional Video as Homework Activity Is Both Effective and Enjoyable.
Learn. Instruction 64, 101226. doi:10.1016/jlearninstruc.2019.101226

Jacob, L., Lachner, A., and Scheiter, K. (2020). Learning by Explaining Orally or in
Written Form? Text Complexity Matters. Learn. Instruction 68, 101344. doi:10.
1016/j.learninstruc.2020.101344

Jamet, F., Masson, O, Jacquet, B,, Stilgenbauer, J.-L., and Baratgin, J. (20182018). Learning
by Teaching with Humanoid Robot: A New Powerful Experimental Tool to Improve
Children’s Learning Ability. J. Robotics 11. doi:10.1155/2018/4578762

Johnson, L., and Lester, J. C. (2016). Face-to-Face Interaction with Pedagogical
Agents, Twenty Years Later. Int. J. Artif. Intelligence Edu. 26 (1), 25-36. doi:10.
1007/s40593-015-0065-9

Johnson, L., Rickel, J., and Lester, J. (2000). Animated Pedagogical Agents: Face-
To-Face Interaction in Interactive Learning Environments. Int. . Artif.
Intelligence Edu. 11, 47-78.

Jones, A., and Castellano, G. (2018). Adaptive Robotic Tutors that Support Self-
Regulated Learning: A Longer-Term Investigation with Primary School
Children. Int. J. Soc. Robotics 10 (3), 357-370. doi:10.1007/s12369-017-0458-z

Kennedy, J., Baxter, P., Senft, E., and Belpaeme, T. (2016a). “Heart vs Hard Drive:
Children Learn More from a Human Tutor Than a Social Robot,” in Proceedings of
the 11th ACM/IEEE International Conference on Human-Robot Interaction (IEEE
Press), 2906922, 451-452. doi:10.1109/hri.2016.7451801

Kennedy, J., Baxter, P., Sentft, E., and Belpaeme, T. (2016b). “Social Robot Tutoring
for Child Second Language Learning,” in 11th Annual ACM/IEEE International
Conference on Human Robot Interaction. doi:10.1109/hri.2016.7451757

Kobayashi, K. (2019). Interactivity: A Potential Determinant of Learning by
Preparing to Teach and Teaching 9(2755). doi:10.3389/fpsyg.2018.02755

Kobayashi, K. (2021). Learning by Teaching Face-To-Face: the Contributions of
Preparing-To-Teach, Initial-Explanation, and Interaction Phases. Eur.
J. Psychol. Edu. doi:10.1007/s10212-021-00547-z

Koh, A. W. L, Lee, S. C,, and Lim, S. W. H. (2018). The Learning Benefits of
Teaching. A retrieval Pract. hypothesis 32 (3), 401-410. doi:10.1002/acp.3410

Kory Westlund, J. M., Dickens, L., Jeong, S., Harris, P. L., DeSteno, D., and
Breazeal, C. L. (2017). Children Use Non-verbal Cues to Learn New Words
from Robots as Well as People. Int. J. Child-Computer Interaction 13, 1-9.
doi:10.1016/j.ijcci.2017.04.001

Lachner, A., Jacob, L, and Hoogerheide, V. (2021). Learning by Writing
Explanations: Is Explaining to a Fictitious Student More Effective Than Self-
Explaining? Learn. Instruction 74, 101438. doi:10.1016/jlearninstruc.2020.
101438

Lemaignan, S., Jacg, A., Hood, D., Garcia, F., Paiva, A., and Dillenbourg, P. (2016).
Learning by Teaching a Robot: The Case of Handwriting. IEEE Robotics
Automation Mag. 23 (2), 56-66. doi:10.1109/MRA.2016.2546700

Leyzberg, D., Spaulding, S., Toneva, M., and Scassellati, B. (2012). “The Physical
Presence of a Robot Tutor Increases Cognitive Learning Gains,” in 34th Annual
Conference of the Cognitive Science Society.

Lindberg, M., Ménsson, K., Johansson, B., Gulz, A., and Balkenius, C. (2017). Does
a Robot Tutee Increase Children’s Engagement in a Learning-By-Teaching
Situation? Cham: Springer International Publishing, 243-246. doi:10.1007/
978-3-319-67401-8_31

Frontiers in Robotics and Al | www.frontiersin.org

February 2022 | Volume 9 | Article 836462


https://www.frontiersin.org/articles/10.3389/frobt.2022.836462/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/frobt.2022.836462/full#supplementary-material
https://doi.org/10.12738/estp.2016.1.019
https://doi.org/10.1007/s12369-010-0082-7
https://doi.org/10.1126/scirobotics.aat5954
https://doi.org/10.1126/scirobotics.aat5954
https://doi.org/10.1080/08839510590910200
https://doi.org/10.1080/08839510590910200
https://doi.org/10.1007/BF02294183
https://doi.org/10.1075/nlp.8.11bry
https://doi.org/10.5964/jnc.v6i1.218
https://doi.org/10.1007/s12369-019-00589-w
https://doi.org/10.1007/s10956-009-9180-4
https://doi.org/10.1016/j.compedu.2020.103836
https://doi.org/10.1016/j.compedu.2020.103836
https://doi.org/10.5325/jpoststud.3.1.0005
https://doi.org/10.1080/00221325.1992.10753723
https://doi.org/10.1080/00221325.1992.10753723
https://doi.org/10.1007/s00038-012-0416-3
https://doi.org/10.1016/j.learninstruc.2019.101226
https://doi.org/10.1016/j.learninstruc.2020.101344
https://doi.org/10.1016/j.learninstruc.2020.101344
https://doi.org/10.1155/2018/4578762
https://doi.org/10.1007/s40593-015-0065-9
https://doi.org/10.1007/s40593-015-0065-9
https://doi.org/10.1007/s12369-017-0458-z
https://doi.org/10.1109/hri.2016.7451801
https://doi.org/10.1109/hri.2016.7451757
https://doi.org/10.3389/fpsyg.2018.02755
https://doi.org/10.1007/s10212-021-00547-z
https://doi.org/10.1002/acp.3410
https://doi.org/10.1016/j.ijcci.2017.04.001
https://doi.org/10.1016/j.learninstruc.2020.101438
https://doi.org/10.1016/j.learninstruc.2020.101438
https://doi.org/10.1109/MRA.2016.2546700
https://doi.org/10.1007/978-3-319-67401-8_31
https://doi.org/10.1007/978-3-319-67401-8_31
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles

Serholt et al.

Lubold, N., Walker, E, Pon-Barry, H., and Ogan, A. (2019). “Comfort with Robots
Influences Rapport with a Social, Entraining Teachable Robot,” in Proceedings of the
(Springer International Publishing), 231-243. doi:10.1007/978-3-030-23204-7_20

Moriguchi, Y., Kanda, T, Ishiguro, H., and Itakura, S. (2010). Children Perseverate
to a Human’s Actions but Not to a Robot’s Actions 13(1), 62-68. doi:10.1111/j.
1467-7687.2009.00860.x

Moriguchi, Y., Kanda, T., Ishiguro, H., Shimada, Y., and Itakura, S. (2011). Can
Young Children Learn Words from a Robot? Interaction Stud. 12, 107-118.
doi:10.1075/15.12.1.04MOR

Nurul Husna, M., Wan Fatimah, W. A., Ahmad Sobri, H., and Manisah, M. A. (2020).
Proposed Robotic-Based Model for Slow Learner’s Learning. Malaysian J. Public
Health Med. 20 (Speciall). doi:10.37268/mjphm/vol.20/no.Speciall/art.662

Nyholm, S., and Smids, J. (2020). Can a Robot Be a Good Colleague? Sci. Eng. Ethics
26 (4), 2169-2188. doi:10.1007/s11948-019-00172-6

Okita, S. Y., and Schwartz, D. L. (2013). Learning by Teaching Human Pupils and
Teachable Agents: The Importance of Recursive Feedback. J. Learn. Sci. 22 (3),
375-412. doi:10.1080/10508406.2013.807263

Okita, S. Y., Turkay, S., Kim, M., and Murai, Y. (2013). Learning by Teaching with
Virtual Peers and the Effects of Technological Design Choices on Learning.
Comput. Edu. 63, 176-196. doi:10.1016/j.compedu.2012.12.005

Pareto, L. (2014). A Teachable Agent Game Engaging Primary School Children to
Learn Arithmetic Concepts and Reasoning. Int. J. Artif. Intelligence Edu. 24 (3),
251-283. doi:10.1007/s40593-014-0018-8

Pareto, L., Arvemo, T., Dahl, Y., Haake, M., and Gulz, A. (2011). “A Teachable-
Agent Arithmetic Game’s Effects on Mathematics Understanding, Attitude and
Self-Efficacy,” in Proceedings of the (Springer Berlin Heidelberg), 247-255.
doi:10.1007/978-3-642-21869-9_33

Pareto, L., and Barendregt, W. (2016). START: Student Tutor and Robot Tutee.
Grant proposal.

Pareto, L., Ekstrom, S., Barendregt, W., Serholt, S., and Kiesewetter, S. (2019).
“Augmenting Game-Based Learning with a Robot Tutee,” in Proceedings of the
13th European Conference on Games Based Learning (Reading, United
Kingdom: ECGBL), 560-568.

Pareto, L. (2017). “Robot as Tutee,” in Robotics in Education. Editors M. Merdan,
W. Lepuschitz, G. Koppensteiner, and R. Balogh (Cham: Springer International
Publishing), 271-277. doi:10.1007/978-3-319-42975-5_24

Park, E., Kim, K. J., and del Pobil, A. P. (2011). “The Effects of a Robot Instructor’s
Positive vs. Negative Feedbacks on Attraction and Acceptance towards the
Robot in Classroom,” in Proceedings of the (Springer Berlin Heidelberg),
135-141. doi:10.1007/978-3-642-25504-5_14

Paulhus, D. L. (1991). “Measurement and Control of Response Bias,” in Measures
of personality and social psychological attitudes. Editors P. R. S. J. P. Robinson
and L. S. Wrightsman (San Diego, CA: Academic Press), 17-59. doi:10.1016/
b978-0-12-590241-0.50006-x

Pereira, A., Martinho, C,, Leite, I, and Paiva, A. (2008). “iCat, the Chess Player: the
Influence of Embodiment in the Enjoyment of a Game,” in Proceedings of the
7th International joint Conference on Autonomous Agents and Multiagent
Systems. Editors P. Padgham and P. Miiller, 1253-1256.

Read, J. C. (2008). Validating the Fun Toolkit: an Instrument for Measuring
Children’s Opinions of Technology. Cogn. Tech. Work 10 (2), 119-128. doi:10.
1007/s10111-007-0069-9

Rosenthal-von der Piitten, A. M., Straffmann, C., and Krimer, N. C. (2016).
“Robots or Agents — Neither Helps You More or Less during Second Language
Acquisition,” in Proceedings of the (Springer International Publishing),
256-268.

Serholt, S., and Barendregt, W. (2016). “Robots Tutoring Children: Longitudinal
Evaluation of Social Engagement in Child-Robot Interaction,” in Proceedings of the
9th Nordic Conference on Human-Computer Interaction (New York, NY:
NordiCHI'16). ACM.

Serholt, S., Barendregt, W., Vasalou, A., Alves-Oliveira, P., Jones, A., Petisca, S.,
et al. (2017). The Case of Classroom Robots: Teachers’ Deliberations on the
Ethical Tensions. AI SOCIETY 32 (4), 613-631. doi:10.1007/s00146-016-0667-2

Comparing a Robot Tutee to a Human Tutee

Serholt, S., Basedow, C., Barendregt, W., and Obaid, M. (2014). “Comparing a
Humanoid Tutor to a Human Tutor Delivering an Instructional Task to
Children,” in Proceedings of the 2014 (IEEE-RAS International Conference
on Humanoid Robots), 1134-1141. doi:10.1109/humanoids.2014.7041511

Serholt, S. (2018). Breakdowns in Children’s Interactions with a Robotic Tutor: A
Longitudinal Study. Comput. Hum. Behayv. 81, 250-264. doi:10.1016/j.chb.2017.12.030

Serholt, S., Pareto, L., Ekstrém, S., and Ljungblad, S. (2020). Trouble and Repair in
Child-Robot Interaction: A Study of Complex Interactions with a Robot Tutee in a
Primary School Classroom. Front. Robotics Al 7 (46). doi:10.3389/frobt.2020.00046

Sharkey, A. (2016). Should We welcome Robot Teachers? Ethics Inf. Tech. 18 (4),
283-297. doi:10.1007/s10676-016-9387-z

Sharkey, A., Wood, N, and Aminuddin, R. (2019). “Robot companions for children and
older people,” in Designing Robots, Designing Humans. Editors C. Hasse and
D.M. Sendergaard (Routledge). doi:10.4324/9781315227207-9

Sharkey, N., and Sharkey, A. (2010). The crying shame of robot nannies - An
ethical appraisal. Interaction Studies 11 (2), 161-190. doi:10.1075/is.11.2.01sha

Tanaka, F., and Kimura, T. (2009). “The use of robots in early education: A scenario
based on ethical consideration,” in Proceedings of the RO-MAN 2009 - The
18th IEEE International Symposium on Robot and Human Interactive
Communication, 558-560. doi:10.1109/roman.2009.5326227

Tanaka, F., and Matsuzoe, S. (2012). Children Teach a Care-Receiving Robot to
Promote Their Learning: Field Experiments in a Classroom for Vocabulary
Learning. J. Human-Robot Interaction 1 (1), 78-95. doi:10.5898/JHRI.1.1.
Tanaka

Thunberg, S., and Ziemke, T. (2020). “Are People Ready for Social Robots in Public
Spaces,” in Companion of the 2020 ACM/IEEE International Conference on
Human-Robot Interaction (New York, NYAssociation for Computing
Machinery), 482-484.

Tian, X., Lubold, N., Friedman, L., and Walker, E. (2020). “Understanding Rapport
over Multiple Sessions with a Social, Teachable Robot,” in Proceedings of the
(Springer International Publishing), 318-323. doi:10.1007/978-3-030-
52240-7_58

Verhoeven, G., Catala, A., and Theune, M. (2019). “Designing a Playful Robot
Application for Second Language Learning,” in Proceedings of the (Springer
International Publishing), 385-394. doi:10.1007/978-3-030-06134-0_42

Walker, E., Girotto, V., Kim, Y., and Muldner, K. (2016). “The Effects of Physical
Form and Embodied Action in a Teachable Robot for Geometry Learning,” in
Proceedings of the 2016 IEEE 16th International Conference on Advanced
Learning Technologies, Austin, TX (ICALT), 381-385. doi:10.1109/icalt.
2016.129

Zhexenova, Z., Amirova, A., Abdikarimova, M., Kudaibergenov, K., Baimakhan,
N., Tleubayev, B., et al. (2020). A Comparison of Social Robot to Tablet and
Teacher in a New Script Learning Context 7(99). doi:10.3389/frobt.2020.
00099

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Serholt, Ekstrom, Kiister, Ljungblad and Pareto. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Robotics and Al | www.frontiersin.org

February 2022 | Volume 9 | Article 836462


https://doi.org/10.1007/978-3-030-23204-7_20
https://doi.org/10.1111/j.1467-7687.2009.00860.x
https://doi.org/10.1111/j.1467-7687.2009.00860.x
https://doi.org/10.1075/IS.12.1.04MOR
https://doi.org/10.37268/mjphm/vol.20/no.Special1/art.662
https://doi.org/10.1007/s11948-019-00172-6
https://doi.org/10.1080/10508406.2013.807263
https://doi.org/10.1016/j.compedu.2012.12.005
https://doi.org/10.1007/s40593-014-0018-8
https://doi.org/10.1007/978-3-642-21869-9_33
https://doi.org/10.1007/978-3-319-42975-5_24
https://doi.org/10.1007/978-3-642-25504-5_14
https://doi.org/10.1016/b978-0-12-590241-0.50006-x
https://doi.org/10.1016/b978-0-12-590241-0.50006-x
https://doi.org/10.1007/s10111-007-0069-9
https://doi.org/10.1007/s10111-007-0069-9
https://doi.org/10.1007/s00146-016-0667-2
https://doi.org/10.1109/humanoids.2014.7041511
https://doi.org/10.1016/j.chb.2017.12.030
https://doi.org/10.3389/frobt.2020.00046
https://doi.org/10.1007/s10676-016-9387-z
https://doi.org/10.4324/9781315227207-9
https://doi.org/10.1075/is.11.2.01sha
https://doi.org/10.1109/roman.2009.5326227
https://doi.org/10.5898/JHRI.1.1.Tanaka
https://doi.org/10.5898/JHRI.1.1.Tanaka
https://doi.org/10.1007/978-3-030-52240-7_58
https://doi.org/10.1007/978-3-030-52240-7_58
https://doi.org/10.1007/978-3-030-06134-0_42
https://doi.org/10.1109/icalt.2016.129
https://doi.org/10.1109/icalt.2016.129
https://doi.org/10.3389/frobt.2020.00099
https://doi.org/10.3389/frobt.2020.00099
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/robotics-and-ai
www.frontiersin.org
https://www.frontiersin.org/journals/robotics-and-ai#articles

	Comparing a Robot Tutee to a Human Tutee in a Learning-By-Teaching Scenario with Children
	Introduction
	Research Aim

	Background
	Learning-By-Teaching
	Robots as Tutees
	Robots Compared to Humans

	Materials and Methods
	The Student Tutor and Robot Tutee System
	Research Design
	Participants
	Procedure
	Measures
	Evaluation Questionnaire
	Visual Analogue Scale
	Again and Again Table

	Data Processing and Analysis

	Results
	Enjoyment and Interaction Willingness
	Communication and Collaboration
	Task Clarity and Experience
	Tutor Autonomy
	Learning Gains

	Discussion
	Limitations and Future Work

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


