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Abstract

Social robots, owing to their embodied physical presence in human spaces and the ability to directly interact with the users and
their environment, have a great potential to support children in various activities in education, healthcare and daily life. Child—
Robot Interaction (CRI), as any domain involving children, inevitably faces the major challenge of designing generalized
strategies to work with unique, turbulent and very diverse individuals. Addressing this challenging endeavor requires to
combine the standpoint of the robot-centered perspective, i.e. what robots technically can and are best positioned to do, with
that of the child-centered perspective, i.e. what children may gain from the robot and how the robot should act to best support
them in reaching the goals of the interaction. This article aims to help researchers bridge the two perspectives and proposes to
address the development of CRI scenarios with insights from child psychology and child development theories. To that end,
we review the outcomes of the CRI studies, outline common trends and challenges, and identify two key factors from child
psychology that impact child-robot interactions, especially in a long-term perspective: developmental stage and individual
characteristics. For both of them we discuss prospective experiment designs which support building naturally engaging and
sustainable interactions.

Keywords Child-robot interaction - Human-robot interaction - Human factors - Social robots - Socially assistive robots -
Human-centered design
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opment during different childhood periods and activities is
thus of paramount importance for our societies.

Quite interestingly, social robots appear to fit naturally
in a child’s life, especially in the early years. Thanks to the
unique character of children’s mentality, perception and cog-
nition (anthropomorphism, irrationality, animacy, etc. [2]),
their interactions with robots likely become personal and
social, similar to their relationships with pets, toys and some
other objects. This “natural alignment” between social robots
and children’s interests is also highlighted by various recent
reviews discussing the potential of Socially Assistive Robots
(SAR) in education, healthcare, therapy and as home assis-
tants, and their advantages over virtual agents [3-7]. The
same reviews, however, also highlight how this potential has
yet to be proven in reality.

One of the biggest challenges of CRI research is its intrin-
sically multi-disciplinary nature [8—10], as it sets human-
oriented goals (therapeutic, educational, developmental and
others) and aims to leverage and engineer robot function-
alities to benefit the achievement of such goals. Balancing
the human-centered and robot-centered natures of CRI is a
difficult feat to put in practice: state-of-the-art CRI works
prioritizing a robot-centered perspective focus on improv-
ing the robot itself and validate its proficiency in ad-hoc
designed user studies, which may dilute or even miss the
end goals of the interaction and overlook working solutions
for child development support [8]. Similarly, CRI works pri-
oritizing a human-centered perspective focus on reaching
human-oriented goals, possibly neglecting the unique oppor-
tunities offered by the robot and often reducing it to a mere
puppet or an expensive tablet case [11].

This work attempts to support the bridging of the two
perspectives, by combining expertise in social robotics and
child development to review the state of the art in CRI lit-
erature under the two lenses and discuss (i) the goals that
a child-robot interaction sets, (ii) the factors that influence
the outcome of the interaction, and (iii) how to develop a
successful and sustainable long-term CRI scenario.

To this end, in Sect.2 we survey the state of the art in
CRI, with a particular focus on the application areas of
education and healthcare, which are the most popular and
advanced contexts for CRI. We discuss the outcomes of the
studies to outline common trends and challenges in Sect.3
and, in Sect. 4, identify two key factors from child psychol-
ogy that impact the child—robot interactions in a long-term
perspective: developmental stage and individual characteris-
tics. In Sect.5 we thus review the literature in CRI through
the child development theory perspective considering the
dominant activities and developmental goals in various age
groups, and discuss how these factors often illustrate and
explain the observed behavior of children in CRI studies.
Similarly, in Sect.6, we analyse how children’s individual
characteristics can influence interaction outcomes and con-
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sider child-specific tasks that could benefit from a dedicated
CRI. In both cases we present prospective experiment designs
which support including these age-conditioned and individ-
ual difference factors. We postulate that taking these factors
into account will not only allow to build a sustainable long-
term interaction, but also one that, by being aligned by design
with the developmental goals, can effectively engage children
and support them in reaching those goals.

2 Child-Robot Interaction Review

Setting the stage for our discussion of Child—Robot Interac-
tion from the combined perspectives of social robotics and
child development, in this section we review the two dom-
inant CRI application domains: healthcare (Sect. 2.1) and
education (Sect. 2.2). We describe the motivation for using
robots in these domains, discuss the problems the robots are
typically envisioned to address and outline the main conclu-
sions the research community has reached, in part building
on the recent reviews of CRI in healthcare [12-20] and edu-
cation [21-28].

Due to the significant difference to the adult psychology,
adult tasks and interactions, in this work we only analyze
studies with participants under 18 years of age. Furthermore,
we focus mainly on the studies, which provide sufficient
information on the participating children and their interac-
tion with the robots to make a psychological interpretation
of their behavior and the study outcomes. In particular, we
review the papers which describe:

— Children’s behavior during their interaction with the
robot, e.g. how they engaged, performed in the tasks, par-
ticipated in games, reacted to the actions and utterances
of the robot, etc.

— Children’s achievements as a result of their interaction
with the robot, either reported for groups or single partici-
pants, no matter whether they were statistically confirmed
or only appeared as tendencies.

— Individual characteristics of the children (e.g. collected
from interviews, questionnaires, self-reports or par-
ents/teachers), which revealed information relevant to
goal of the experiment (e.g. children’s interests, prefer-
ences, expectations, motivation).

A summary of the papers reviewed in this work is presented
in Table 1. Relevant statistical conclusions from the review
are visually supported by Figs. 1, 2, 3 and 4.

2.1 Child-Robot Interaction in Healthcare

Healthcare contexts offer a wide range of possibilities for
SAR interventions. Illness can remove children from their
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Fig.4 Robots used in the reviewed studies
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Fig.1 Age distribution histogram, which shows how often children of
a certain age participated in the studies from Table 1
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Fig. 2 Interaction time with the robot in one session (blue line) and
cumulatively over multiple sessions (“Total interaction time”, orange
dots). This figure illustrates the studies from Table 1, ordered by how
long children interacted with the robot. The last three values in the total
interaction time plot (600, 960 and 2250 min, indicated by the black
arrow) are omitted for better readability. As the graph shows, nearly
half of the studies envision a single session, lasting max. 25 min, while
longer ones envision multiple sessions, each lasting up to 50 min

Single session studies | 52 99,

Multi-session studies

Single session studies Multi-session studies

One-to-one One-to-one

One-to-group/class

One-to-group/class

One-to-pair

One-to-pair

Fig.3 Interaction modes in the reviewed studies, shown separately for
the single-session and multi-session scenarios
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normal social networks and pose challenges for coping with
treatment, the harmful consequences of diseases and lifestyle
changes. Robots can assist children in managing chronic
illness through education and encouragement to perform
therapeutic behaviours, help distracting children coping with
acute medical procedures, make hospital visits less intim-
idating or support children’s well-being during long-term
hospitalisation and social isolation [12, 16].

Social robots are also actively employed in rehabilitation
as therapy coaches, exercise demonstrators, motivators and
progress monitors [12]. In this capacity, assistive robots are
expected to play a fundamental role for children with all kinds
of disabilities, as they extend the ability to play in children
with severe physical disabilities [15], facilitate learning for
those who suffer from cognitive disorders, engage children
with cerebral palsy in exercises to help improve physical
functioning [13].

Some studies in the field of mental health therapy consis-
tently report a number of positive outcomes from the robot
intervention, e.g. relief of distress and increase in positive
affect in children through distraction and emotional support
from SAR [14, 16]. Atthe same time, the application of robot-
enhanced therapy to common mental health problems such as
anxiety and depression remains open for investigation [17].

Social robots are traditionally considered to be beneficial
in Autism Spectrum Disorder (ASD) interventions, acting
as a diagnostic agent, a friendly playmate, a behaviour elic-
iting agent, or a social mediator [18], aiming at improving
the child’s social communication skills and reducing repet-
itive and stereotyped behavior [19]. Robots can stimulate
a high degree of motivation and engagement in ASD sub-
jects, including those who are unlikely or unwilling to interact
socially with human therapists [29]. Still, some authors warn
against unwarranted enthusiasm [30]. Robot-enhanced ther-
apy provides therapists with a means to more easily connect
with the autistic subject [20], rather than a treatment to ASD.

Though studies that explore the use of social robots for
children in healthcare applications typically report positive
outcomes, including generally high acceptance and likability
by children, parents, medical staff, teachers and bystanders,
many reviewers note that these results should be treated cau-
tiously given the predominance of subjective data[12—14, 17,
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20]. In particular, many studies focus on case-study, proof of
concept, initial response, pilot runs and short-term behavioral
assessments [31]. The small number of participants, ranged
sometimes very broadly by age (e.g. 2-13 or 6-16 y.0.), in
combination with the missing control group, are frequent
factors that reduce the statistical accuracy of the studies and
the reliability of their results. Aiming to investigate accept-
ability and identify the desired technical characteristics of
the robots for different disabilities and cases, many inter-
actions are short-term and single session only [13, 17] and
feature prototype robots, thus limiting replicability [12]. This
is justified as most social robots (and their algorithms) on the
market have been developed for children in typical educa-
tion and may not meet the needs of children with special
behavior, perception and emotional reactions [13]. Overall,
the healthcare domain is an uneven and in some parts still
emerging field [31], and more studies need to be conducted on
along-term basis (including outside the clinical/experimental
context [20]) in order to prove that robotics can really help
children in special conditions or with special needs.

2.2 Child-Robot Interaction in Education

The first robots to enter the classroom were not meant to be
socially assistive, but rather educational tools for teaching
engineering and programming. These robots, in addition to
positively affecting the learning outcomes, were shown to
be highly engaging, motivating and powerful in promoting
problem solving skills and teamwork [21-23].

The emergence of Socially Assistive Robots (SAR)
extended the application possibilities of robots in educa-
tion to also support teaching and learning in non-technical
subjects. Rather than being a learning tool, robots became
participants, collaborators and active members of the learn-
ing process [26].

SAR’s physical presence and communicative capabilities
allow to design various scenarios for the learning process to
unfold, enacting different modes of a child’s involvement in
it. Robots can be programmed to take up a specific role, such
as the role of a teacher [46, 50] or peer [88], depending on
whether the aim of the learning tasks is to guide students on
a task or to have them practice newly learned information
with classmates. The role of a tutor is typically applied in
one-to-one teaching settings [56, 74]. Educational benefits
can also be obtained with a robot taking the role of a novice,
i.e. when the child acts as a teacher for the robot [54, 85, 89].

These roles and their potential are being actively researched
in CRI [26, 40, 90]. For instance, some works indicate that
in one-to-one interactions the peer role is preferred. In [88]
children solved the Tangram puzzle better with a peer robot
than with a tutor robot. In [72] children progressed in a table
setting task better when paired with a “cooperative interac-
tion style” robot, as compared to a “lecture interaction style”

robot. The learning buddy role (as compared to motivator and
educator) was shown to be the most supportive in healthcare
related activities, such as adherence to diet and exercises for
diabetics [68]. Conversely, when interacting with a group of
learners, the robot seems to achieve more positive outcomes
in the role of a teacher or teacher’s assistant [34, 53, 87] or
facilitator [39, 70]. Lastly, the role of a novice is considered
best to support and engage children with weaker skills, as
e.g. it was reported for improving handwriting [54, 55] or
reading skills [85].

In teaching settings in one-to-one interactions, typically
acting as tutors, social robots help realising the personalized
strategy of teaching, which implies flexibly tuning the robot’s
social behavior to match the ongoing interaction in order to
support the task engagement, adequately react to the affec-
tive state of the child, or adapt a teaching strategy to match
the learning progress. Some studies show that a personal-
ized (adaptive) tutor can increase engagement and promote
learning by properly timing the breaks [74], giving adaptive
emotional feedback [33], determining a personal learning
goal instead of a pre-defined group target [56], employing
adaptive training, optimized for a child’s engagement and
skill progression [42, 73], modifying tasks to align them with
the child performance [37], teaching by a social dialog [76],
or adaptively switching between the tutor/tutee roles [40]. At
the same time, however, other studies did not report signifi-
cant effects of the personalized interactions [36, 37, 48, 52,
57,61, 63].

From a content perspective, the main body of evidence on
deploying robots for educational purposes comes from the
realm of first and second language learning [24, 25], see also
Table 1. Further applications for SAR are also explored in the
fields of tutoring musical [79] and physical skills [49, 91],
dance [75], handwriting improvement [39, 54, 55], spatial
skills practicing [86], teaching math [37, 52, 56, 60, 62],
computational thinking [46, 70], history [37] and geography
[57].

When evaluating the efficacy of SAR intervention in edu-
cation, the most commonly reported result is a positive
affective outcome [25]. Robots make the education pro-
cess significantly more engaging and attractive, with many
children, upon their participation in studies, signalling their
interest to continue learning with the robot. Since the goal of
using robots in education is primarily increasing the learn-
ers’ academic performance, and given that engaged students
would interact with the given task for longer, it is natural
to expect a rapid learning progress as an outcome of educa-
tional CRI. However, the relation between the affective and
cognitive outcomes is not as straightforward. Positive affec-
tive outcomes from learning with the robot do not necessarily
imply positive cognitive outcomes, and vice versa [26]. For
instance, in some studies, children being taught with robot
assistance (contrary to studying without a robot) increased
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achievements in learning new words [34, 61, 80], listening
and reading skills [53], drumming performance [64]. Con-
versely, in other studies, children learned vocabulary equally
well when paired with a robot or with another student, but not
better than those children who learned individually using a
computer program or a dictionary [44, 83]. In [70], students
achieving low and high performance in the learning tasks
reported equally positive perception of the robot (including
its intelligence, likeability etc.) and a similar positive assess-
ment of its helpfulness. Lastly, some authors report that the
robot might counter-productively affect the learning process,
distracting the student from the task [51, 60, 62, 85].

In general, the effect of a robot’s interventions in learn-
ing tasks is not sufficiently and conclusively described by
the existing studies. According to the recent review by Johal
[11], most of the works reporting cognitive outcomes present
results on immediate post-tests, while only 15% also report
on retention outcomes. The majority of studies are conducted
as individual tutoring, leaving a gaping question of how to
sustain the learning process in diverse educational situations
(see Fig. 3). There are many signs that the robot might facil-
itate the learning progress of the child, but researchers still
face the challenge to design, develop and fine-tune interactive
robots that would consistently yield learning gains, which is
precisely what should be the most important evaluation met-
ric.

3 Towards Sustainable Long-Term
Interactions

The tasks of an assistive robot, designed to be embedded in
a child’s daily activities, likely will not be restricted to iso-
lated interactions. This is equally true for all domains, e.g.
learning, rehabilitation, physical and cognitive development,
social activity etc. The need for social support is usually not
resolved within one interaction session, and, similarly, other
complex goals of the child’s development and well-being
require long-term interventions [17, 92]. The CRI design
therefore should enable, facilitate and encourage long-term
interactions. Many authors raise this point [10, 17, 27, 41],
but in fact most of the studies focus on short-term and single-
session interactions, as we noted in Sect. 2, see also Table 1
and Fig. 2. Beside logistics and budgetary constraints, this
limitation arises from the technical and Al capabilities of the
robots, as well as the complexity of maintaining a child’s
interest and attention towards working with the robot in the
long term.

The technical limitations of state-of-the-art SAR only
enable the robot to perform restricted tasks in restricted con-
texts [26], which naturally leads towards the development
of short-term interaction scenarios, primarily tailored to and
often investigating what the robot can do, as we noted in
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Sect. 2.1. As a consequence, the repertoire of activities the
robot can offer to children is limited and predictable, unable
to support engagement over extended periods of time. Using
semi-autonomous robots, for instance in Wizard-of-Oz set-
tings, may extend the range of activities, but ultimately shifts
the focus of the studies from CRI to interactions between the
adults behind the robot and children, with the robot merely
acting as a proxy. Indeed, there is a solid consensus in the
community around the opinion that a socially-assistive robot
interacting with children should be fully autonomous in order
to reach its long-term goals [10, 12, 33, 41, 69, 84, 93, 94].
While in recent years more and more autonomous socially
assistive robots are being developed and brought to test [11],
maintaining the long-term interest of children is still a major
challenge.

A key reason for this fact is that the majority of children
are still not used to interacting with robots and therefore their
experience and perception of the robot are greatly affected
by both its novelty and fun effect. As outlined in Sect. 2, chil-
dren tend to enthusiastically engage in any activity involving
arobot, whether it is learning new words or solving a puzzle,
practicing dancing or perspective-taking, mobility improve-
ment or cognitive skills exercises. Their enthusiasm towards
experiencing the new technology is so high, that they try
to solve the task the best they can, reaching results which
wouldn’t have been attained had the learners been more
familiar with the robot [95]. As the novelty effect wears off,
the results tend to stop growing and the engagement with
the robot declines almost to becoming negligible [13, 78, 87,
96].

Indeed, the novelty of the robot is a double-edged sword
for CRI. On the one hand, it is a powerful attractive factor
for most children, who expect an extraordinary interaction
with the robot. As discussed in Sect.2, this factor is fun-
damental for many successful applications, especially in the
healthcare domain, aimed at emotional support or distracting
from distressing experiences [14, 16, 17]. The novelty of the
robot also serves as an initial motivator for the children to get
involved in learning tasks, even ones they would otherwise
not find very attractive[25]. The other edge of the metaphori-
cal sword is that the novelty effect typically wears of quickly
and the robot needs other ways to engage children into long-
term interactions. In addition, the novelty effect complicates
the research and development of effective CRI models, as it
is difficult to separate its impact on the outcomes from the
robot’s own contribution. Short and early sessions are thus
not reliable predictors of how the interaction would progress
in the long-term.

Personalization, as we discussed in Sect. 2.2, is a promis-
ing and popular research direction for sustaining engagement
beyond the short term. While this seems to be particularly
important in educational contexts, other activities have also
shown to be prolonged thanks to personalization: an empathic
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robot acting as a companion in chess can extend the play for a
longer period [65], and a robot that memorises previous dia-
logues can keep children engaged for longer in conversations
[66, 67].

And still, personalization alone is likely not sufficient to
achieve long-term engagement, even in fully-autonomous
and technically-advanced robots. The key insight is that
personalization attempts to catch and captivate an ongoing
interaction, i.e. working around the consequences and not
looking into the causes for the interaction to unfold as it does.
We argue that these causes could be revealed when review-
ing the interaction scenario from the child psychology and
development standpoint, i.e. considering the child factor in
CRI

To this end, in the next section we review the state-
of-the-art CRI scenarios introduced in Sect.2 from the
child-centered perspective, highlighting the key role that the
child factor plays for the success of the interaction. We show
that setting child-appropriate goals (e.g. practicing a skill,
investigating the objects and their properties, achieving aca-
demic targets) and format (e.g. conversation, lecture, game,
creative task) of the interaction is as important for its success
as the captivating design of the robot and its personalization
capabilities. We postulate that considering these factors can
yield fundamentally more engaging and sustainable interac-
tions, thus increasing the long-term efficacy of CRI and the
potential to reach the interaction goals.

4 The Child Factor in CRI

The analysis of an interaction begins with defining its sub-
ject, i.e. the goal, towards which the efforts of the involved
parties are directed. The subject of CRI is naturally the task
or activity that the child is addressing together with the robot.
This task can be defined by parents, teachers, therapists,
or the child him- or herself. The result of the interaction
will, accordingly, depend on the efforts and mood of the
child—the satisfaction from getting better at something, the
disappointment at not succeeding, the interest, engagement
and enthusiasm towards the activity, or the urge to switch it
or give up on the robot.

Even though the child’s progress and well-being is the
central point of CRI, the interaction scenario is often selected
as a result of robot-centric considerations, or at least greatly
affected by them. As a consequence, its effectiveness and sus-
tainability depend primarily on the child making something
out of it, which in turn depends on his or her individuality,
capabilities, interests and background. These factors are usu-
ally considered post factum (e.g. to evaluate the experience
with the robot in questionnaires), but rarely used to design or
drive an interaction: indeed, the robot’s behavior is typically
adapted using only the recognized emotions and responses, as

Fig. 5 Illustrations from some of the child-robot interaction studies
reviewed in this work. Top left: Michaud et al. 2005 [8] (“Roball”),
top right: Vinoo et al. 2021 [82], middle left: Tanaka et al. 2015 [81],
middle right: Yadollahi et al. 2018 [85], bottom: Nasir et al. 2020 [70]

we discussed in Sect. 2.2. This approach reduces the model
of a child to a generic black box, and no assumptions are
made on how the interaction will proceed from his or her
perspective. The offered tasks or activities might turn out to
be exciting, boring or unclear, and the interaction may stall
after the novelty effect wears off for reasons related to the task
itself rather than the robot or its behavior. In this section we
review several studies where the observed interactions and
the task progress to a large extent depended on the individual
differences between the participants.

Kanda et al. [58, 59] show how individual differences
between children may affect the duration, the format and the
results of the interaction. In [58] two groups of children (6—
7 and 11-12 y.o. respectively) had the opportunity to freely
play with an English-speaking robot, thus improving their
ability to speak English. After the first week most of the chil-
dren lost their interest in the robot, and there was no overall
learning progress among them. A few children, however, con-
tinued the communication with the robot and improved their
English level by the end of the second week. Comparing the
background of these few children with the rest of the partic-
ipants, authors revealed that having some initial interest in
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English or already knowing a little bit of English helped to
sustain the long-term interest to the robot.

The authors further highlight the effect of individual dif-
ferences in the follow-up work [59]. Here the robot attempted
to captivate the interest of all the children in the group
(10-11 years old) by addressing them in a personalized man-
ner, for instance by learning their names and recognizing
them among the classmates. The robot also introduced new
interactive behaviors (such as shaking hands, hugging, play-
ing rock-paper-scissors, exercising, singing, and pointing to
an object in the surroundings), once the total duration of
each individual interaction surpassed a certain threshold (e.g.
120 min). Additionally, the robot increasingly often made
personal remarks, with comments such as “I like chattering”
(the robot tells this to a child who has played with it for more
than 120min), “I don’t like the cold” (180min), etc. The
robot successfully continued interacting with many children
for 2 months (32 sessions of free play, each 30 min long).
As in [58], the participants’ engagement decreased after an
initial excitement, but increased again in the last two weeks,
when the children were told that the robot would soon go
away. Interestingly, a small group of children interacted with
the robot longer than others (10 out of 37 participants). The
children characterized themselves on three scales: “want to
be friends with the robot”, “want to know the mechanism of
the robot”, “usually play indoors”. These three characteris-
tics turned out to define the level of involvement: the more a
child wanted to be friends with the robot and the less the child
wanted to know its mechanism, the longer he or she played
with the robot. Additionally, the children who usually played
indoors, interacted with it longer, simply because the robot
was also indoors.

By calling their approach “pseudo-development” [59],
Kanda et al. highlight a key aspect of sustainable CRI. As
long as the interaction scenarios are pre-defined, their natural
“development” is limited to the scripted content. The robot
may offer the child to engage in certain activities, but even-
tually the success of the interaction will depend on the child.
In [58] and [59], the robot offered every child to come by
and communicate, and all children engaged in this activity to
some extent over the course of 2 months. But every child had
an individual interest in the robot, which eventually defined
the degree of his or her involvement. Apart from being “inter-
ested in the mechanism”, and “wanting to be friends”, some
children played with the robot simply because the robot was
“indoors”. Curiously, in [58] two children continued inter-
acting with the robot out of compassion, because no one else
did.

This indicates that children invent their own interaction
scenarios, as also observed by Michaud et al. [8]. In this
study, 8 children aged 12 to 24 months interacted with a
Roball (self-propelled ball-shaped socially-assistive robot,
see Fig. 5 top left). Each of the 8 children, as the authors
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note, adopted a different interaction style with Roball: some
were interested in moving Roball, some were attracted by
Roball’s face, some imitated the Roball’s rolling actions,
some attempted to stop it, etc. Even at such a young age,
children have their own personalities and interests and may
not be at the same development stage even if they were the
same age.

It is worth stressing here the importance of a child’s
own internal reasons towards defining their interaction with
a robot, since many studies are instead predicated on the
hypothesis that the effectiveness and sustainability of long-
term CRI strongly depends on the robot’s ability to elicit
engagement in children. Under this hypothesis, it is assumed
that a robot with sufficient social and cognitive skills would
successfully persuade the child of its competence as a com-
panion, teacher or therapist, and make the child feel important
for the robot [43, 96]. In short, it is assumed to be possible
to elevate the child—robot interaction (in terms of quality
and desired outcomes) by improving the behavior of the
robot [41]. Contrary to this assumption, literature points in
the direction that no amount of robot competence or skills
will likely be sufficient to compensate for unique factors of
the individual child. Consequently, as the above examples
illustrate, different types of interactions, varying levels of
engagement, contrasting outcomes will most likely always
emerge from interactions between a robot and different chil-
dren, if individual factors are not properly considered.

Taking individual factors into account is important not
only to increase the number of children who would engage
in the interaction, but also the effectiveness of the interaction.
Indeed, while children are typically always satisfied with the
robot, as they enthusiastically report in the post-experimental
questionnaires, the interaction is often not effective in achiev-
ing its desired outcome. Figuring out the robot’s capabilities
turns out to be a challenging task.

Konjin and Hoorn [62] show that even a small insight on
the child’s background may help building an efficient inter-
action. In their study children 8 to 10 years old rehearsed the
time tables together with the robot. The study investigated
how the behavior of the robot (social or neutral) affects the
learning outcomes of children with different academic abil-
ities (above-average and below-average). The results show
that the above-average pupils profited equally from both
conditions of the robot, whereas below-average pupils bene-
fited more from the robot that showed neutral behavior. The
authors conclude that the social robot might distract the chil-
dren, especially the less academically apt. The neutral robot
may therefore help these children concentrate better and thus
increase the chances of a successful interaction.

The fact that collaborative learning with a robot may not
be beneficial due to children’s individual differences also
finds evidence in the study by Yadollahi et al. [85], in which
the robot was supposed to improve children’s reading per-
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formance by bringing their attention to the text with deictic
gestures. Surprisingly, the robot’s gesture support was more
beneficial for children who already had high reading skills.
Students who were not as proficient in reading benefited from
the robot’s pointing in easy-level tasks, but performed bet-
ter without robot’s pointing in difficult tasks. The authors
note that, in difficult tasks, the robot’s pointing distracted
the children from the text and proved to be counterproduc-
tive. Therefore, how the robot’s pointing could contribute
to improving the performance of students with low reading
skills remains an open research question.

Contradictory results on the effect of personalized robot
behavior were also reached in the study by Baxter et al.
[37]. Here, personalized behavior did not have an effect in
mathematical assignments—a subject the participants were
previously trained in, while they seemed to benefit the chil-
dren in a new subject (“stone age history”). This disparity
could be attributed to the individually different prior train-
ing and personal interest into the subjects (mathematics and
stone age history). Without background information on the
study participants, it is not possible to properly identify the
cause of the observed effects.

Contradictory outcomes are also observed in CRI studies
across various age groups. Many authors note that children
of diverse ages respond differently to the same interaction
with a robot. For instance, younger children are more likely
to engage with robots, while older children expect more
complex, diverse and dynamic behavior from the robot [96].
Younger children are more lenient to the robot’s imperfec-
tions and errors [54], whereas older children appear more
apprehensive or cautious around robots and technology [97].
An analysis of how children perceive the robot’s properties
suggests that kids until 9 years of age give more relevance
to a humanlike appearance, while older children pay more
attention to the robot action skills. Furthermore, researchers
note that the possibility to see and interact with a robot has
an impact on children’s judgments, especially convincing the
youngest to consider also perceptual and motor abilities in a
robot, rather than just its appearance [77].

While these observations confirm that age is an important
factor for CRI studies, the question of why children in certain
age groups interact with the robot differently from others
needs to be explored further. Age groups themselves are often
vaguely justified and broadly defined, for instance to include
children from 3 to 8 years old [47] or 5 to 16 years old [98],
which clearly means very different individuals on various
stages of development.

In conclusion, while some authors notice and explore the
child factor in the CRI studies, in most cases the child remains
arather abstract exogenous factor, which impedes explaining
and predicting the observed interactions and the effects of
the socially-assistive robots. In this section we highlighted
that children may have their own reasons to interact with

the robot, invent their own interaction scenarios, as well as
interpret the robot’s intentions in their own way and respond
to them contrary to the researchers’ expectations (e.g. being
distracted instead of concentrating on the task). We argue
that this behavior may occur for various reasons that have
nothing to do with the operation of the robot. In the following
Sects. 5 and 6 we proceed to describe the factors along which
differences between children emerge, namely development
level predicated on age and individual characteristics.

5 Age Differences
5.1 Development Stages

Child development does not fit rigid age thresholds, but rather
advances incrementally, continuously and individually. Still,
itis possible to define certain “stages”, conditioned on the age
but primarily defined by the biological maturity of the organ-
ism, uneven development of the psyche and the accumulated
social and cognitive experiences of a particular individual.
These stages are separated by developmental crises (at the age
of 1, 3, 67 years old and puberty), which sometimes resolve
unobserved and in a calm manner, and sometimes may cause
a stark conflict with parents and the environment. The devel-
opment of younger children can be accurately explained
and predicted with general age-based trends, whereas the
importance of past experiences and individual characteristics
becomes more critical with age, causing noticeable differ-
ences among similarly aged older children [99]. Furthermore,
in the field of developmental science, there exist diverse per-
spectives regarding the stages’ continuity and discontinuity
in child development. For a more in-depth exploration of this
subject, we recommend the book by McCormick and Scherer
[100].

Moving forward, our objective is to outline more precisely
the expectations associated with children of specific age
groups and to elucidate the implications of this understand-
ing for the design of interactions with children. In crafting a
comprehensive understanding of the various stages, we will
draw upon the insights provided by prominent developmen-
tal theories: Erikson’s Theory of Psychosocial Development
[101], Piaget’s Theory of Cognitive Development [2], Vygot-
sky’s Theory of the Higher Mental Functions [102], Elkonin’s
Theory of Dominant (Leading) Activity [103]. These theo-
ries form the foundation of knowledge in child development,
mastering which is the basis of education in the field [100,
104, 105].

In Table 2 we summarize the child developmental stages.
Below follows a short description for each stage (for more
detailed information we also recommend [106—-108]).
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Table 2 Developmental stages of a child and their main properties

Dominant mental
function (Vygotsky)

Stage of psychosocial Stage of cognitive development
development (Erikson) (Piaget)

Dominant (leading)
activity (Elkonin)

Direct emotional contact
with the adult

Infant (0-1 y.o.) Trust Sensorimotor stage (up to 2 y.0.)  Attention

Toddler (1-3 y.o0.) Autonomy Sensorimotor stage (up to 2 y.0.)  Perception Manipulation of objects
Preoperational stage (2-7 y.o.)
Preschooler (3-6 y.o.) Initiative Preoperational stage (2-7) Memory Role playing

Gradschooler (6-12 y.0.) Industry Concrete operational stage (from  Concrete logical

7to 11-12) thinking

Formal operational stage (from
11-12 and above)

Formal learning
(schooling)

Adolescent (12-18 y.0.)  Identity Abstract logical thinking Intimate personal
relations within the

peer group

— Infant (Upto 1 year): The key task in infancy is the devel- roles, children explore and learn to behave according to

opment of trust towards the surrounding world, which is
formed during a direct emotional contact with the adult.
This short period encompasses a dramatic transforma-
tion of activity, beginning with the inherent basic reflexes
(sucking, grabbing, watching, crying) and leading to
intentional actions and the ability to deliberately com-
municate with people around. Attention as a dominant
function develops from fixating and following at random
to a voluntary process. Cognitive functions develop on
the base of sensorimotor and self-motion experience. At
8-9 months the infant is able to crawl, reaching an impor-
tant milestone in independence.

Toddler (1-3 years old): Once able to walk, the toddler
begins actively exploring the areas around. This is a stage
of increasing autonomy and independence. The dominant
mental function at this stage is perception, leading to the
active accumulation of sensory experience. The toddler
studies the world and the properties of objects by directly
manipulating and sensing them, and develops memory to
recognize these properties in other objects (e.g. small and
large, light and heavy, quiet and loud). Mimicking the
adults, basic speech forms, and other sorts of imitation
appear in behavior and actions with toys.

Preschooler (3—6 years old): This is the stage of initia-
tive. The child learns to distinguish him- or herself from
others, actively indicating own wishes and borders, which
is supported by rapid speech development, as well as the
accumulation of vocabulary. Memory as adominant men-
tal function contributes to memorising a large amount of
information, but the child struggles to logically process
it. This leads to limited, often “magical” explanations of
causal relations, grounded in the specific (not general-
ized) instances of experience. The cognitive function is
largely egocentric, animistic and anthropomorphic. The
leading form of activity at this age is role playing with
peers and imaginary characters. By acting various social
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the social conventions of the society.

Gradschooler (6-12 years old): This period is marked
by rapid intellect development and industry, largely
driven by the school activities and formal learning. The
importance of achievements in various subjects in and
outside of school increases, and the sense of competence
forms. Logical thinking becomes dominant as the child
learns to model and explain causal relations which go
beyond immediate sensing. Nevertheless, gradschoolers
still struggle with abstract and hypothetical concepts, and
require an effort to apply the logical reasoning to concrete
experiences. Behavior becomes increasingly deliberate
and self-controlled by one’s own perception of bound-
aries in various situations. Spending more time with
peers, outside of the family circle, children learn to build
friendships.

Adolescent (12-18 years old): This is a period of
self-knowledge and identity forming, which sets off a
hormonal explosion, often causes instability and unpre-
dictability, poses challenges to educational performance
and motivation. Adolescents attempt to discover how
they can meaningfully contribute to society and how to
present themselves based on their beliefs. This search
pushes them away from the family and into the peer
environment in preparation for the independent adult life,
which becomes the leading activity at this stage. Domi-
nant (abstract) logical thinking is no longer grounded in
concrete cases and allows operating with abstract ideas
and hypothetical concepts. This intellectual development
encourages arguments and discussions in an increasingly
mature manner. On the other hand, the perception of
future is still limited to short-term outcomes, with signif-
icant importance placed on immediate gains and losses.
This fixation on “here and now” passes by late adoles-
cence.
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5.2 Age-Appropriate Activities

Age provides key information about the tasks and activities
which are natural and important from the developmental per-
spective at various stages, and therefore readily accepted by
the child. Naturally engaging in such tasks, a child creates
his or her own interpretation and interest, which stimulates
the interaction in the long-term. This principle of match-
ing content with age applies in any work with children—be
it educational, therapeutic, psychological, sports-related,
social—as well as in designing products for children (e.g.
games, toys or books) [109-115]. In the following we pro-
vide concrete examples of age-appropriate! activities for the
age groups described in Sect. 5.1. For an exhaustive guide
on activities for all ages, we recommend [117].

— For an infant, age-appropriate activities could be games
involving visual contact and emotional response, imitat-
ing simple actions, movements and sounds, manipulating
objects, orienting in the direction of a stimulus, etc. Par-
ticipation of an adult is unavoidable, due to the central
developmental task of building an emotional connection
and trust.

— For a toddler, age-appropriate activities could be manip-
ulation and multi-modal contact with physical objects
or navigation in space. Peers or adults introducing new
objects or ways to use them could sustain engagement.

— Forapreschooler, age-appropriate activities could be cre-
ative activities fostering the child to make something new
or alter existing things, story-driven role-playing games,
games involving memory, puzzles and other developmen-
tal elements.

— For a gradschooler, age-appropriate activities should be
purposeful in challenging and improving the logical
capacity, for instance games which include rules and
success criteria, feedback and progress communication.
Personal achievements are important.

— For an adolescent, developing a meaningful common
interaction scenario is more challenging than targeting
the interaction towards a specific child. This period varies
greatly in its sub-stages, their duration and specific diffi-
culties adolescents might face. An adolescent struggling
with self-organization could benefit from study feedback
and personalized tutoring. Not having the patience to
cope with a cumbersome or inefficient solution, a clear

! The term “age-appropriate” refers to a developmental concept
whereby certain activities may be deemed appropriate or inappropriate
to a child’s “stage” or level of development. Being “age-appropriate”
means being suitable (in terms of topics, messages, and teaching meth-
ods) to the developmental and social maturity of the particular age or
age group of children or adolescents, based on developing cognitive,
emotional, and behavioral capacity typical for the age or age group

[116].

task or functional outcome of any activity designed for
adolescents would be appreciated.

These tasks and occupations are already present in the
child’s daily activity, in kindergartens, schools or at home,
in the form of toys and devices, board and computer games,
designed to aid the child’s development. A robot is well-
equipped to be an embodied provider of these activities,
acting as a toy or a training device, teacher or student, play
companion or buddy as we described in Sect. 2.2.

5.3 Age-Appropriate CRI Designs

Evaluating existing CRI scenarios via the afore-presented
lens of development appropriateness, we can identify several
examples which account for age-specific requirements and
therefore have the potential to stimulate meaningful long-
term interactions.

The multipurpose robotic system for interactions with
toddlers in [82] is an example of an age-appropriate SAR
that meets the activity requirement, providing interactions
with physical objects. The proposed system is a tele-operated
child-sized robot, shaped as a steering wheel on a platform,
which can initiate contact with children using non-verbal sig-
nals and engage them in an interaction (following, touching,
pushing or pulling), where it acts both as a partner and a
manipulable object (see Fig. 5). Moving around the free play
space and engaging children into various activities allows for
collecting new ideas about what else the robot could do (e.g.,
holding a phone up to the robot’s “ear” and saying “Hello”,
using the robot as foot rest or cruising toy, or to augment toys
by swirling play balls around the robot’s roll cage). This robot
was primarily designed for early movement of children with
disabilities and social engagement of young children dur-
ing hospitalization, which bridges the long-term interaction
design between healthcare and general-purpose CRI.

In the PepperRecycling educational game [38], which is
intended to make children 7-9 y.o. more aware of and better
disposed towards waste recycling, two important conditions
are met to stimulate the long-term engagement of grad-
schoolers. Firstly, the students are gaining new skills, and
secondly, they do so in a game with rules and results, which
provides feedback as a measure of increasing competence.
The game is set as a competition between the robot Pepper
and a child, which further stimulates competitive engage-
ment and can ameliorate the learning gains. This competitive
effect emerges also in other studies with gradschoolers, even
when the interaction is not specifically designed for it (e.g.
turn-taking trivia game with diabetes-related questions [71],
Snakes and Ladders game to promote vocabulary learning
[33D).

Another scenario of educational play with Pepper is
presented by Tanaka et al. [81], see Fig. 5. Intended
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for preschoolers, the interaction relies less on competitive
aspects and instead on role playing, which fits the target
age group well. Authors created interactive content to learn
English while having fun, designed to be used at home in
small groups. In this scenario, children enacted a lesson
where they solved tasks together with Pepper, given by an
online tutor, and received rewards from the robot (“high
five!”, a photo from Pepper’s cameras, etc). This scenario
minimizes the boring and mundane aspects of learning a lan-
guage, instead exploiting the robot’s physical embodiment
and game-like features: students could switch the task, speak
out the answers or press Pepper’s buttons, bring and show
an object to Pepper, etc. Role play with the robot can be a
promising CRI direction for the preschooler target group.

The role play format was also used in a study by Okita
et al. [72], which aimed to investigate how different types
of robot attention, nonverbal (e.g., nodding, looking) or ver-
bal (e.g., “ok”, “uh huh”, “I see”), contribute to children’s
affective behavior and prolonged engagement. The interac-
tion (with children about 6 y.0.) was set as a cover story: the
child’s task is to prepare the robot to visit the zoo, where it
would encounter two animals (a duck and a pig). Children
were initially asked to share information they knew about
the animals (e.g., the size, what they eat, how they commu-
nicate), and then told the robot a well-known story featuring
those animals (i.e., “Ugly Duckling” or “Three Little Pigs
and the Big Bad Wolf”). Talking about animals and story-
telling are familiar activities for children of this age. In this
interaction scenario, the story part contributed to the active
engagement of children over an extended period of time (two
sessions, one per animal, each 35 min long, with a small break
in between).

Another part of this study, which we already mentioned
in Sect. 2.2, illustrates an important difference between
preschoolers and gradschoolers engaged in the same game
with the robot (table setting task). Younger children (4-5
y.0.) were more involved in the process, acting out their own
vision of the game, which they found to be exciting in itself.
In other words, what the robot said did not matter, as the game
of response turn-taking was more important than its content.
Differently, the older children (9-10 y.o.) aimed to grasp the
content and adhere to the “rules” of the game, interactively
reacting to the robot’s actions and behavior. This outcome is
well aligned with the age-appropriate interaction structures
described above.

Age-appropriate games for preschoolers should include
freedom of creativity and flexible rule setting (i.e. the game
itself defines the rules). In contrast to that, pre-defined rules
and success criteria should be in place to engage gradschool-
ers into the game (i.e., the rules define the game)[118].
Mismatching the game type with the age group will likely
have an effect on the motivation and behavior of children
during the game, and influence the outcome of the CRI.
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For instance, Elgarf et al. [45] test the verbal creativity
of children working on storytelling with a creative (vs. non-
creative) robot. The collaborative game is set as developing
a fairy-tale story, in which the children and the robot pro-
duce and share their creative ideas to drive the plot forward.
The story includes several characters (prince and princess)
and creatures (crocodile, fish, bee, chicken, alien), which are
shown on the screen and can be added to the ongoing story in
an interactive window. The study is conducted with 9 y.o. par-
ticipants (M=8.96 SD=0.58). While the researchers expected
the group working with the creative robot to produce more
creative ideas, the experiment revealed no significant dif-
ference between the groups. In fact, the authors observed
peculiar reactions to the robot in both conditions. Some of
the children did not like the interruption of the robot when it
started proposing ideas. Some showed signs of frustration by
telling the robot “no” each time it suggested an idea, others
were irritated by the robot destroying their scenarios or did
not like the interference of the robot with their story. As out-
lined in Sec. 5.1, gradschoolers are interested in games with
rules and in getting an objective evaluation of their own and
others’ decisions. In this game, perhaps, they did not find
the robot cooperative as it failed to develop their ideas, thus
breaking the rules of the collaborative game. At the same
time, the children might have seen the robot’s own ideas as
childish, illogical, and simply uninteresting, and did not like
the story, eventually losing interest in interacting with the
creative robot. It would be interesting to play this interaction
with preschoolers, who engage in creative tasks in and of
themselves more easily, and see if more positive responses
and outcomes are elicited. Furthermore, the content of the
game (a fairy-tale) could play out better for preschoolers.

When it comes to older children, it is worth highlighting
that interactions structured as games could be less appropriate
for adolescents, as their developmental tasks go beyond skill
acquisition and competence evaluation (which is important
for gradschoolers) and shift towards the social context. As
such, a game with a robot could appear tiresome and unnec-
essary, which would render the interaction inefficient. For
instance, Alves-Oliveira et al. [36] studied how an empathic
robot behavior impacts the learning progress of 13-14 y.o.
children in a collaborative Enercities game, which includes
factual knowledge about different energy sources. This study
reported the lack of learning gains.

Adolescents are more oriented towards social experience
and interpersonal interactions than younger children and are
more technically savvy to have less “magical” and more
mature expectations from the robot. If the interaction lacks
social context, they might quickly lose interest in it, as
noted by Serholt and Barendregt [78]. Thirteen year old chil-
dren, engaging in a learning game with a robot that could
not respond to their attempts at social interaction, became
notably less socially engaged (instead concentrating on the
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task performance). They went from being highly interactive
with the robot to completely ignoring it. Conversely, younger
children told the researcher that they still believed that the
robot could understand them.

These examples showcase how the design of age-specific
interaction scenarios has the potential for sustainable long-
term engagement. Verifying this hypothesis in a series of
studies, spanning diverse tasks and activities, is an appealing
direction for future research.

6 Individual Characteristics

By introducing the periods of child development in Sect. 5.1,
we outlined the tasks and activities, which are common for
children on various stages. Despite these commonalities,
even similarly-aged children can and do behave differently
in most situations, manifesting their individuality, which is
based on several key psychological structures [119-121]:

— Temperament—a cumulative set of the nervous sys-
tem characteristics (e.g. its power, sensitivity, plasticity).
Temperament defines, for instance, the ability of a child
to work longer, or switch tasks quicker.

— Character—the typical emotional mood and vitality of
the child. In their character children can be, for instance,
cheerful, capricious, enthusiastic, passive, impulsive,
thorough, confident, excitable, even, cautious as well as
many others. Character traits can change throughout life
depending on the specific development conditions, social
environments and lived experiences.

— Personality—definitive individuality traits, consistent
and stable, which reflect the child’s perception of self
and the environment, personal values and attitudes, pre-
ferred modes of interaction with others, as well as the
means to reach the goals. Personality traits include, for
instance, introversion and extraversion, rationality and
sensitivity, conservatism and radicalism, assertiveness
and agreeableness, confidence and anxiety, dominance
and submission, egocentrism and altruism, among many
others. The roots of these traits can be observed as early
as preschool age, but they tend to fully form and stabi-
lize following the self-awareness development occurring
during adolescence.

— Aptitudes and abilities—internal presuppositions to suc-
ceed in different types of activities, e.g. cognitive, social,
creative, educational, practical, etc.

— Interests, needs and preferences—individual motiva-
tional components, which drive and direct any activity,
defining its relative importance and desirable outcome.

[lustrating the many aspects of individuality, these examples
are just a short excerpt of how psychology describes children.
For further reading, we recommend [106, 122—-124].

CRYI, as any other activity involving children such as edu-
cation [125, 126], inevitably faces the challenge of dealing
with individual characteristics. Increased awareness thereof
could thus significantly elevate the effectiveness and sustain-
ability of child—robot interactions. For example, in Sect. 4 we
noticed how individual characteristics may manifest them-
selves during the interaction and become a decisive factor
for the outcomes of CRI studies [8, 58, 59, 62]. We also
noticed how the lack of data on the participants’ background
may impede a proper assessment of how the robot’s behavior
influences the study outcomes [37, 85].

In contrast to age, individual characteristics are diffi-
cult to recognize and formalize in the interaction scenario.
To objectively measure them, experts in child development
adopt quantitative and qualitative approaches, such as ques-
tionnaires, interviews, tests, observational methods etc. For
further reading, we recommend [127-129].

Our brief outline of the individuality structures aims
to emphasise the complexity of inner psychological fac-
tors which create an individual portrait for each child. This
complexity makes it most desirable that child development
specialists participate in designing CRI scenarios to address
the practical tasks in the fields of education, development,
well-being as well as in the studies aiming to design new
generations of social robots.

While the direct participation of child psychologists in the
design and analysis of CRI studies is highly advised, it is not
always possible. In such cases, we encourage researchers
to collect systematic background on all children prior to
the experiment, in an interview or using a custom list of
questions. This background data, as the previous sections
highlight, can prove crucial to interpreting the experiment’s
results and improving follow-up interactions. If the experi-
ment includes specific activities such as dancing exercises or
puzzle solving, it is important to ask the participants about
their prior experience of and attitude towards these tasks. Col-
lecting children’s responses about their interests (e.g., most
and least favourite subjects at school, games, movies, free
time activities), and their strengths and weaknesses (what do
the teachers at school and parents at home often praise or
otherwise) would be useful in a wide variety of scenarios, as
much as it would be to understand the children’s perception
of and experience with robots in general. For the youngest
participants, this information could be sourced from parents
or kindergarteners. As we are talking about personal, often
sensitive information about vulnerable participants, privacy
and ethical reasons are imposed to reduce the amount of
data collected and the number of people accessing it to the
essential minimum. As such, careful consideration should be
placed in the identification of the background information to
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be collected. Participatory research approaches, which aim
to involve all relevant stakeholders in the research process
[130], might also help to make parents, teachers, and even
the children themselves better aware of the reasons why spe-
cific background information is asked for and how it will be
used in the research and the interaction itself.

Furthermore, it is important to note the validity of the
background checks. For instance, Ferndndez-Llamas et al.
[46] report that the children could not correctly assess and
report their knowledge level, which led to results lacking a
significant impact of the robot. Similarly, Eimler et al. [44]
note that the vocabulary proficiency of children in their study
was based on information provided by the teacher, but in fact,
the students could have learned the words elsewhere, which
could have decreased the statistical significance of the study
results.

Ultimately, the collected individual characteristics could
(and should) be included in the CRI design with the aim of
achieving a more enjoyable and efficient interaction. Such
information, for instance, could be used by a robot to select
an appropriate topic for a conversation or storytelling, assign
roles in role-play and teamwork, define learning roles (e.g.,
teacher, peer, or tutee), and adapt its own emotional mode
(e.g., level of neutrality). Following the child’s individual
interests (for instance, drawing, singing, planes or astron-
omy), CRI scenario could include a set of joint activities for
skill practicing or a deep-dive into the topic. Following the
child’s individual challenges (for instance, improving mem-
ory as a basic skill for educational proficiency, or overcoming
anxiety when presenting in front of classmates), it could offer
appropriate exercises.

Explicitly emphasising this, Abe et al. [32] propose to
design robotic playmates that can play with children account-
ing for their personalities. Having considered how shy
children (aged 5-6 y.o.) engage in CRI, the authors point
out that they may feel uneasy in the presence of a robot and
propose a strategy to help them get accustomed to using play
actions with a sense of security, such as quiz and hide-and-
seek. On the contrary, other children, instead, after feeling
a little bit nervous at the start, quickly get engaged in the
interaction through the conversation with the robot.

Similar approaches to design interactions targeting a spe-
cific problem are adopted in the healthcare domain for
children with special needs, which is key for rehabilitation
and well-being e.g., to aid children with diabetes to learn
how to manage their condition [41, 68]. Further examples
are covered in the recent reviews [13, 19]. However, outside
of studies focusing on children with special needs, only a
handful of works match the interaction design with the target
group and user needs. The difficulty stems from formulating
adevelopment target or identifying a problem to be addressed
and selecting an appropriate interaction scenario to that end.
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Equally important is to correctly define the CRI success
criteria. If the robot’s intervention aims to improve a specific
skill or ability, success metrics should be validated instru-
ments capable of capturing an objective difference in that
skill or ability, measured pre- and post-experiment, as well
as meaningful control groups, i.e., exercising without a robot.
The number and duration of interactions play a key role in
letting positive dynamics surface, as it is unrealistic to expect
a significant and durable improvement in performance as a
result of a single interaction, as short as 10 or 15min [35, 45,
47].

A skill-targeted approach is proposed in [86], where
the authors explore the potential of embodied activities
with robots to aid the development of children’s spatial
perspective-taking abilities. In this study, children 8-9 y.o.
guided the robot along a maze by considering the robot’s
point of view. To assess the effectiveness of the designed
interaction, the authors repeated three tests to evaluate chil-
dren’s perspective-taking abilities prior to and following the
experiment. While the outcomes did not support the initial
hypothesis that the robot intervention would improve spatial
skills, they gave valuable insights into how the children per-
ceive the environment through the robot’s eyes. In particular,
children seemed to follow one of the three strategies to guide
the robot through the labyrinth: mentally rotating themselves
or the robot, physically rotating themselves, or using trial and
error to guide the robot. These differences likely arise from
differences in the cognitive abilities and personality charac-
teristics of the children—different children will thus most
likely perform differently on the task for reasons beyond the
design of the robot and its behaviour.

A successful CRI scenario, oriented at a specific need of
a child (improving poor handwriting), is presented in [55].
Assuming that poor self-confidence exacerbated and pre-
vented resolving the writing difficulties, the authors designed
arole-playing game in which the 5 y.o. child acted as a teacher
for the robot. Four 1-hour-long sessions yielded positive out-
comes, and the child was committed to the activity with the
robot. Noteworthy, the game format of the interaction suited
the age of the participant well.

A particularly significant effort to match the interaction
scenario with age-specific needs is described by Michaud et
al. [8]. Starting with the Roball prototype (a self-propelling
robotic ball that can sense its position and motion and thus
the way it is being played with, which we discussed in
Sect. 4), the authors further adapted it for child development
studies. The researchers started by seeking to determine the
appropriate age of children to interact with Roball, and the
age-specific needs that the robot can aim to fulfill. Together
with child development experts, they identified the target
age group (6 to 24 months old children) and user needs
(acquisition of general sensorimotor skills and mobility as
a predominant factor in interplay situations). Matching the
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user needs with the Roball’s properties confirmed the robot’s
utility for developing motor skills (crawling, walking), visual
skills (for tracking an object or using visual effects), precise
manipulations of the robot (to grasp Roball, make it spin,
push it, or use the push buttons), intellectual skills (to explore
trajectories and the effects of different actions while play-
ing with Roball), social and emotional skills (by sharing the
play with adults or other children). The design of Roball was
developed targeting all these aspects to be part of the inter-
action. Roball was verified to be usable for interaction with
children and maintaining their interest. The authors validated
the robot in field studies and thoroughly reported how indi-
vidual children interacted with the robot, though its actual
impact on the long-term development goals remained out
of scope in [8]. The authors conclude that robotics and child
development intersect in CRI, but not yet merge to accelerate
cross-beneficial outcomes:

“Child development studies go far beyond the exper-
tise of roboticists... However, people outside of robotics
rarely have a realistic idea of how mobile robot be used.
So, exposing robots such as Roball in a child develop-
ment study is a discovery process and a demonstration
of challenges and opportunities for both roboticists
and child development experts, seeking and fostering
strong collaborations between the two disciplines.” [8]
(page 8)

This consideration marks an important insight in the CRI
domain. Robot interventions in a child’s life indeed originate
adiscovery process in which robotics is put to use for specific
developmental tasks. Nearly 20 years after their statement,
we agree with and reprise the words of Michaud et al. to
advocate for more prominence to be given to child-centered
design. Input from child development studies could enrich the
understanding of children’s needs and help design and match
the robot’s capabilities to them. We argue that this would
make interactions more efficient, sustainable, and enjoyable,
thus advancing towards the ultimate goal of CRI.

7 Conclusion and Future Work

In this article, we investigate how children interact with
robots. Our central idea is that what happens during the inter-
action strongly depends on and therefore can be described
by means of child psychology. Accordingly, in our review of
CRI studies we aim to enrich the robot-centered perspective
on designing robots to work with children, i.e. structur-
ing the interaction around what the robot can technically
do, with the child-centered perspective, i.e., structuring the
interaction around the child’s needs. We argue that such a
multi-disciplinary perspective on CRI can help to identify

the factors which influence children’s behavior, design appro-
priate robot behaviours and interactions, select meaningful
measurement criteria in the user studies, and correctly inter-
pret the results and causalities in the observed behavior.

In line with the above motivation, in this article, we
approach and review the development of the CRI scenarios
through the optics of child development theories. This chal-
lenging task required gathering the bits of evidence scattered
across the broad spectrum of CRI studies and structuring
them according to child development frameworks, to propose
a general picture that will hopefully help to plan, conduct,
and evaluate CRI studies more efficiently.

In particular, we review the motivation and existing use-
cases for deploying robots to work with children and outline
the challenges that researchers face in describing the interac-
tion results, often counter-intuitive or contradicting the prior
art. We argue that the novelty effect, which often explains
the positive affective outcomes and even immediate perfor-
mance gains, complicates and hinders the scaling of existing
designs to a long-term perspective. We analyze how children
engage in the interaction process, and find and highlight evi-
dence that individual differences significantly influence the
outcomes and motivation to continue the interaction in the
long-term. We note that the success of child—robot interaction
depends on the effort that children put into it, and show how
the format and content of the interaction, if and when aligned
with age- and person-specific goals, can lead to natural and
sustained engagement.

Given the variety of development stages and individual
characteristics of children, we argue that the design of CRI
experiments should be more informed by, or developed in
collaboration with, child psychologists to ensure a balanced
inclusion of the child-centered perspective. Ultimately, we
believe that this would make the interactions more engaging
and effective and their outcomes more conclusive.

In order to illustrate the child factor in the CRI studies,
in this work we focused mainly on those papers that report
sufficient information on the individual children participat-
ing in the interaction with the robot, e.g. their behaviors,
responses, differences in task performance, unusual and typ-
ical reactions. In the future, we intend to expand this work
with a more systematic review of the state-of-the-art and the
develop of a system of categories and keywords to describe
CRI studies.

Having established the key role that individual characteris-
tics play in the success of an interaction, and the importance
of properly collecting and describing background facts to
help separate the child factor from the robot factor, as future
work we also plan to develop methods and procedures for the
systematic collection of background information for children
participating in CRI studies.

Looking beyond the current paradigm in which CRI sce-
narios are typically designed to address a single specific task,
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we note that the developmental process in children strongly
involves experimentation, trial and error, overcoming chal-
lenges, and getting positive and negative reinforcement, in
a very broad range of social, physical and intellectual cir-
cumstances. This observation is an interesting contrast to
the idea that (adaptive) robots should be comfortable, enjoy-
able, and entertaining above all and in all circumstances. We
envision general-purpose CRI robots that pose stimulating
challenges to the children, attempting to activate their natural
traits such as curiosity and creativity, cunning, stubbornness,
and willfulness, and hope that this work will help motivate
and support researchers in pursuing this direction.
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