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Abstract
We present results from an empirical study investigating the effect of embodiment and minimal gestures in
an interactive drumming game consisting of an autonomous child-sized humanoid robot (KASPAR) playing
with child participants. In this study, each participant played three games with a humanoid robot that played
a drum whilst simultaneously making (or not making) head gestures. The three games included the partici-
pant interacting with the real robot (physical embodiment condition), interacting with a hidden robot when
only the sound of the robot is heard (disembodiment condition; note that the term ‘disembodiment’ is used
in this paper specifically to refer to an experimental condition where a physical robot produces the sound
cues, but is not visible to the participants), or interacting with a real-time image of the robot (virtual em-
bodiment condition). We used a mixed design where repeated measures were used to evaluate embodiment
effects and independent-groups measures were used to study the gestures effects. Data from the implemen-
tation of a human–robot interaction experiment with 66 children are presented, and statistically analyzed in
terms of participants’ subjective experiences and drumming performance of the human–robot pair. The sub-
jective experiences showed significant differences for the different embodiment conditions when gestures
were used in terms of enjoyment of the game, and perceived intelligence and appearance of the robot. The
drumming performance also differed significantly within the embodiment conditions and the presence of
gestures increased these differences significantly. The presence of a physical, embodied robot enabled more
interaction, better drumming and turn-taking, as well as enjoyment of the interaction, especially when the
robot used gestures.
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1. Introduction

Social robots are being used widely in interaction games with human interaction
partners, e.g., in the application areas of entertainment robotics [1–4], socially as-
sistive robotics [5] and robot-assisted therapy [6–9]. Their physical appearance as
well as behavior affect the participants and motivate them to take part in the interac-
tion. The use of social cues such as gestures produced by the robots also has a great
impact on the motivation of the human participants. In human–human interaction,
gestures play an important role in communication, coordination and regulation of
joint activities. In the related field of virtual agents, the beneficial effects of ges-
tures and expressions used by virtual agents were shown both in short-term and
long-term interactions, in maintaining user involvement with the tasks encouraged
by the agent [10, 11].

Given that the term ‘social robots’ refers to robots that are designed to evoke
meaningful social interaction with their users [12], social robots may not neces-
sarily need a physical body to accomplish their goals [13], unlike other robotic
systems where the task requires a physical form (e.g., object manipulation). Socially
interactive robots are used in various kinds of applications, such as toys for enter-
tainment, rehabilitation aids or educational tools. Often their primary functionality
is not strictly related to physical interaction or manipulation, which implies that a
physical body may not be required (a virtual embodiment could be sufficient). For
example, in the field of rehabilitation robotics, which often focuses on physically
assistive robots, non-contact socially assistive robots have been developed with the
primary goal to motivate and monitor the user during the rehabilitation phase [14,
15]. Thus, this raises the question of whether physical embodiment is essential for
successful interactions between a human and a social robot.

In the context of this paper we follow the notion of embodiment that has been
defined as “that which establishes a basis for structural coupling by creating the
potential for mutual perturbation between system and environment” [16, 17]. Note
that this definition of embodiment does not necessarily require a system to pos-
sess a physical shape. According to Chrisley and Ziemke [18], embodiment can be
classified in four different levels, from physical realization, where the system must
simply be realised in some physical substrate, to organismal embodiment where the
body must be alive (i.e., metabolize, reproduce, etc.).

Previous research has shown that physical embodiment has positive effects on the
quality of interaction between social robots and humans. Lee et al. [19] conducted
two experiments to investigate the effects of physical embodiment and tactile com-
munication in human–agent interaction. They found that physical embodiment, as a
bodily presence, played an important role in social interactions between human and
social agents, although social robots were not particularly related to physical func-
tions. Participants preferred interactions with physical social robots to interaction
with virtual social robots. In the first experiment they found that physical embodi-
ment positively impacted the agent’s social presence, as well as the evaluation of the
interaction with the agent, while a second experiment showed that physical embod-
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iment with restricted tactile interaction caused insignificant or even negative effects
in human–agent interaction.

Positive effects of physical embodiment have also been found by Bartneck [20]
in his study with an emotional robot (eMuu). Specifically, he claimed that phys-
ical embodiment facilitated social interaction. In an empirical study, participants
acquired a higher score in a negotiation game when they interacted with a robotic
character than when they interacted with a character on a computer screen.

Tapus and Mataric [21] studied the effect of embodiment in a human–robot inter-
action (HRI) experiment with social robots playing music. Here a physical robot or
a simulated computer animation played recorded songs and patients with cognitive
impairments tried to distinguish between up to four songs. Future work needs to
demonstrate whether the physical embodiment of the robot motivated the patients
positively and helped them to improve their cognitive impairments.

Two experiments conducted by Wainer et al. [15, 22] add further support to the
importance of physical embodiment on performance and impression of social inter-
actions. Their results demonstrate that a physically situated robot is more appealing
than a non-embodied robot, and it is also seen as more helpful, watchful and enjoy-
able when compared to a remotely tele-present robot and a simulated one. These
results suggest that a physical robot may be more effective in assistive physiother-
apy (the particular application area that the authors aimed at) than a disembodied
one.

Conversely, a study conducted by Powers et al. [23] showed that an interaction
with a ‘collocated robot’ (physical embodied robot) compared to a remote projected
robot does not always lead to better results. They found that the projected robot had
almost as much social influence as the collocated one, i.e., it was equally engaging,
elicited equal disclosure, but may have had somewhat less influence (the partici-
pants did not rate the projected robot as highly when they evaluated its helpfulness,
the usefulness of its advice and its effectiveness as a communicator).

Interestingly, all the above results are related to studies that have been conducted
with adults. Children, even if they are the main target in the area of entertainment
robotics, have not been involved extensively in such research comparing physical
and virtual embodiment conditions. One of the few studies conducted with children
participants has been carried out by Pereira et al. [2], involving 18 children in a
gaming scenario against a robotic agent or a virtually embodied agent. In spite
of the results of this study suggesting that embodiment has a positive effect on
participant’s enjoyment, there is still sparse evidence of the effect that embodiment
has on children and further investigation is needed.

A social robot needs a set of social skills in order to successfully encourage a
user’s social behavior, which might require the ability to use social cues and ges-
tures to motivate users to interact with it and keep them motivated to interact with
the robot beyond the first few moments of ‘novelty’. This is especially the case for
assistive robotics [5]. A variety of robotic systems have been using social cues and
gestures in order to encourage HRI, e.g., KISMET [24, 25], where the interaction
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itself was the primary goal. Different from this work, our own studies include an
enjoyable task that will need to be achieved jointly by the human–robot pair. There-
fore, we have chosen drumming as a test bed for our studies. Drumming is relatively
straightforward to implement and test, and can be implemented technically without
special actuators like fingers or special skills. Additionally, it is an easy and enjoy-
able task for the participants, who do not require any detailed information or skills.
There are several approaches concerning drumming in HRI. For example, robotic
percussionists play drums in collaboration with human interaction partners, where
they use robotic arms that are specially designed to play drums [26, 27]. Similarly,
humanoid drumming is used as a test bed for exploring synchronization [28].

Drum-mate is an interaction-based imitation game based on the autonomous
drumming game of a human interaction partner and a humanoid robot [29, 30]. In
Drum-mate studies, the humanoid robot KASPAR (Kinesics and Synchronization
in Personal Assistant Robotics) plays drums autonomously with a human ‘partner’
(interactant), trying to imitate the rhythms produced by the human. However, the
social interaction is not limited to the replication of drumming, but also involves
studying the impact of non-verbal robot gestures that are meant to motivate the hu-
man. KASPAR produces head gestures from a limited repertoire and eye-blinking
as it drums. KASPAR is a minimally expressive child-sized humanoid robot devel-
oped previously by our research group for its use in human–robot social interaction
games (for more details of the robot, see Ref. [31]). In previous work, two studies
with 24 adult participants each [29, 30] analyzed the interaction between partici-
pants and the humanoid robot in terms of imitation, turn-taking and the impact of
non-verbal gestures as social cues [30]. Different computational probabilistic mod-
els were used to achieve turn-taking that is not deterministic, but emerging from
the interaction between the human and the humanoid robot. The humanoid robot is
no longer a passive ‘follower’, but can also play the ‘leader’ role in the game [29].
Also, different orders of the game conditions were tested and a significant effect
of play time was found. The error rates in drumming and turn-taking significantly
decrease as the human players play more games [29, 30].

The above-mentioned Drum-mate scenario (with adult participants) formed the
basis for the current study which is a modified version of the Drum-mate game.
It was tested with 66 primary school students, where different embodiment con-
ditions, together with their relation with the head gestures, were studied. Each
participant played three interactive drumming games with the humanoid robot. In
each game the participant interacted either with the real robot (physical embodiment
condition), with a real-time image of the robot (virtual embodiment condition) or
with the hidden robot (disembodiment condition) — in this last condition only the
sound of the robot is heard. Half of the children played games while the humanoid
robot was simply drumming without making any head gestures; during the games
with the other half of the children, KASPAR played its drum whilst simultaneously
making gestures and waving its hand ‘good-bye’ at the end of the game.
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Compared to the previous Drum-mate experiments with adults, several modifica-
tions were made in the current study to adapt the experiment to the child participants
(e.g., simpler gestures were used, and the single game duration and the time be-
tween turns were decreased).

The paper is organized as follows. Section 2 presents the research questions and
hypotheses. The experiment design and data collection are described in Section 3.
In Section 4, the experimental results are described. Section 5 includes a brief con-
clusion of the experiment, lessons learned and presents ideas for future work.

2. Research Questions and Hypotheses

The goal of the study was to determine whether embodiment and gestures have
an effect on how users perceive a social robot. In this experiment, we examined
three levels of embodiment, each of which was used both with and without robotic
gestures.

To study the effects of the embodiment, each child played a drumming game in
the following three conditions:

K The physical embodiment condition in which KASPAR sat on a table and
played a drum in front of the child;

V The virtual embodiment condition in which KASPAR’s image was projected on
the wall (keeping its real dimension in terms of size), while the robot played a
drum behind an opaque barrier that separated it from the child;

D The disembodiment condition (only sound), in which KASPAR and the child
were in two different areas, and KASPAR played a drum behind an opaque
barrier. Note that in this case participants were not able to see the robot, but
they could actually hear when it was producing gestures (i.e., in the gesture
condition the children could hear the robot’s motors moving behind the screen).

Note that different areas had to be created for practical reasons, i.e., in order to
allow each child to be tested in three experimental conditions and allowing quick
changes between the experimental settings.

Based on the results of previous research (see Section 1), we expected that a
social robot, in order to be able to engage in a playful interaction with a child,
would require a certain degree of embodiment. Thus, we investigated the following
hypotheses:

H1 Children would evaluate a social robot and the interaction with it more posi-
tively when they played with an embodied robot (conditions K and V ), than
when they interact with a disembodied robot (condition D); and comparing the
physical and virtual embodiment conditions, they will evaluate the physically
embodied social robot (K) more positively. Moreover, we expected that the
presence of gesture would increase the difference in how the children evaluate
the embodiment conditions. Specifically, we expected the children would eval-



1956 H. Kose-Bagci et al. / Advanced Robotics 23 (2009) 1951–1996

uate the case K(physical embodiment) more positively than the other cases (V
and D) when gestures were used.

H2 The error rates in drumming and turn-taking would decrease when the children
played with an embodied robot (conditions K and V ) compared when they in-
teract with a disembodied robot (condition D); and comparing the physical and
virtual embodiment conditions, the error rates in the physically embodied robot
(K) condition will be lower than the virtually embodied robot (V ). The differ-
ences between the drumming and turn-taking performances when the children
play with different conditions (K , V or D) are expected to be higher when the
gestures were introduced.

H3 As the play time increases, the error rates would decrease. In other words, the
more the child plays, the better her/his drumming and turn-taking would be.
Therefore, we expect their drumming and turn-taking to improve over time
and, consequently, we expect a better performance (lower error) in the third
game played than the first game played. The differences between the drumming
and turn-taking performances between first and third games are expected to be
higher when the gestures were introduced.

To study the effects of gestures, the robot played half of the games while making
a gesture (‘gesture’ condition) and half of the games without making any gesture
(‘no-gesture’ condition).

In addition to the above hypotheses, we will also consider the effects of gender.
Previous works show gender differences have an impact on the subjective and ob-
jective evaluation of human participants. Kose-Bagci et al. showed that females and
males evaluate the robot and the interaction games differently, and their drumming
and turn-taking performances differ significantly [30]. Here the males were more
‘task oriented’, whereas females tended to value interactional aspects of the sce-
nario. However, in Ref. [32] it was found that the males like to see the robot as more
‘human-like’ and achieve a social facilitation, while females saw it ‘machine-like’.
Gender differences were also revealed in HRI experiments [33–35]. This suggests
the possibility of gender as a confounding variable in this experiment, which will
be examined in the data analysis below. However, gender issues do not play a major
role in our research goals (and for this reason our sample is not gender balanced).

3. Experiment

3.1. Participants and Sample

Sixty-six participants in the age range of 9–10 years took part in the study. All
participants were primary school students from six schools in Hertfordshire, UK.
Gender was not balanced in the sample; the majority of the children were female
(n = 39, Table 1). None of the children had interacted with the robot KASPAR prior
to the experiment. Most of them were used to playing computer games (Table 2)
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Table 1.
Distribution of the sample’s gender

N %

Male 27 41
Female 39 59

66 100

Table 2.
Distribution of the sample’s familiarity with robots

N %

I’ve played with a robot before 19 29
I’ve never played with a robot 47 71

66 100

Figure 1. Distribution of how often the children play computer games.

and they were generally unfamiliar with robots (Fig. 1). Prior to the experiment
the children’s parents had consented for their children to take part in the study, and
allowed us to obtain photos and video recordings of the experiments for scientific
purposes.

3.2. Design

To test the hypotheses, a 3 (embodiment)×2 (gestures) mixed design was used. The
experiment consisted of drumming games with a humanoid robot in three different
embodiment conditions (physical embodiment, virtual embodiment and disembod-
iment) and two gesture conditions (with and without gestures).

Each participant played an equivalent drumming game with the robot in the three
different embodiment conditions, each of which took 2 min (making embodiment
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a repeated measures variable). Half of the children were randomly assigned to the
gesture condition while the remaining half was assigned to the no-gesture condition
(making gestures an independent groups variable).

In the no-gesture condition, KASPAR only played the drum without making
any gestures, while in the gesture condition, the robot made simple head gestures,
e.g., nodding and moving the head from side to side during its drumming session.
These head gestures were played in a fixed sequence to encourage the participants
to believe that they were executed on purpose and not at random [30]. KASPAR
smiled when it started drumming and if it did not detect the child’s drumming when
expected (e.g., if the drumming beats were too light, too fast or if the child did
not play), then it blinked and expressed a neutral smile. At the end of the game
KASPAR waved its hand with a ‘good-bye’ gesture to notify the end of the game.
Note that in the disembodiment condition participants did not see the gestures, but
they could hear them (i.e., they could hear the robot’s motors moving behind the
screen) and the production of the gestures also slightly influenced the robot’s behav-
ior timing. Thus, for completeness purposes we also included the condition where
the disembodied robot used gestures.

A repeated measures design has the advantage that individual differences be-
tween participants are removed as a potential confounding variable, but a drawback
related to the order effects. As we assumed that the order in which the three em-
bodiment conditions were presented could influence the participant’s opinion and
behavior, their order was counterbalanced and all six possible presentation orders
were used. This was essential to account for possible fatigue, habituation or learning
effects.

3.3. Experimental Setup

The experiment was conducted during the event called ‘Take Part In The Future
And FearNot!’ [36], hosted by the University of Hertfordshire, School of Computer
Science and School of Education in May 2008, where 8- to 12-year-old children
had the opportunity to interact with robots and trial anti-bullying software. In addi-
tion, in a different large room, the children were also able to interact with a number
of humanoid and non-humanoid robots that are used in our research group. While
screens were used to separate the experimental area from the other robotics demon-
strations, the experimental setting was challenging as it was not an easily controlled
laboratory environment.

Moreover, in conducting the experiment the enjoyment of the activities for the
participants was taken into account and children were encouraged to experience
an interaction with a social robot in an enjoyable manner. While this setting might
have made it easier for children to express a more positive opinion than they would
in a different setting (all the variables’ means were quite high), such a setup pro-
vided an enjoyable and relaxing environment that creates situations more similar
to those where children’s play naturally occurs. It has been argued by Sabanovic et
al. [37] that ‘Interactions with robots in the laboratory, under the watchful eye and
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expert guidance of the robot’s designers, do not provide insights into the aspects of
human robot interaction that emerge in the less structured real-world social settings
in which they are meant to function. It is, therefore, necessary to evaluate human–
robot interactions as socio-culturally constituted activities outside the laboratory,
or “in the wild” ’ (p. 576). Studying social and enjoyable games that children play
with a robot requires a suitable setting, not one where the children may be under the
impression that they are being evaluated or monitored (similar to an examination).
Thus, we had to find a trade-off between such an enjoyable setting and the need
to control the experiments. The solution we decided on is to have an experimental
setup on University premises, but to situate it in the context of an enjoyable activity
for the children. Also, our sample was an ‘opportunity sample’ — we could not
freely select the children we worked with, which meant that we could not control
all the variables (e.g., gender). Thus, our research approach is similar to other HRI
experiments in public places, museums, shopping malls, school environments, etc.
(e.g., Refs [37–39]).

We designed a separate experimental area in the room where the robotics demon-
strations took place. Two almost identical cubicles isolated from the rest of the room
by tall screens were used to carry out the study (Fig. 2). In the remainder of the room
other robotic activities took place at the same time with other children. In the first
cubicle (area 1), the robot KASPAR was seated on a table with a toy drum on its lap.
A chair was placed in front of the robot where the participant was seated (Fig. 3).
In the second cubicle (area 2), there was a table and a chair for the participant. In
the virtual embodiment condition, a real-time image of KASPAR (the same size as
the physical robot) was projected on the wall in front of the seated child partici-
pant. In the disembodiment condition, the projector was switched off and the child
participant could just hear the drumming sound of the robot hidden behind a screen
(Fig. 4). To study the effect of the different embodiment conditions, all the others
features of the setup in the cubicles were kept the same.

During the experiments, a drum (with a microphone attached) and a stick to hit
the drum were made available to the children to make it easier for the robot to
recognize the drumming sound through audio analysis. Although some of the chil-
dren used the stick to hit on the top of the drum as we suggested, others preferred
to use both their hands or to hit the tambourine-style bells around the drum’s sides,
which increased their enjoyment and involvement in the game, but negatively ef-
fects the audio analysis. Note that since the interaction was meant to be enjoyable
and playful, we did not insist on the children using the drum stick.

Participants were instructed that they could play drumming games with the robot
KASPAR. Simple general instructions about the game were given (e.g., hit the drum
strongly so that KASPAR can ‘hear’ you better).

The children entered the experimental area in groups of three. On arrival, one
of the experimenters gave them a 30-s demo of the first condition they were go-
ing to play. That was done simply to show them what the game was about and to
familiarize them with the setup of the cubicle (e.g., if the first condition was ‘vir-
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Figure 2. Setup of the experiment. The experiment took place in two identically designed cubicles. In
the right cubicle (area 1), the game with the physical embodied condition was played, with KASPAR
sitting on a table in front of the child. The left cubicle (area 2) was used to play the disembodiment and
the virtual embodiment conditions. In the virtual embodiment condition, a real-time image (the same
size as the physical robot) of the drumming robot was projected on the wall just above the desk at a
height comparable to the physical embodied condition. In the disembodiment condition, the projector
was switched off and only the sound of the robot hidden on the other side of the screen was presented.
All the other features in the cubicles were identical. In all three conditions the child was playing alone
in the cubicle. The control desk with the laptop controlling the robot was equidistant to both cubicles
and the experimenter could be seen from both cubicles. Several cameras were located in the room to
record the experiment.

tual embodiment’, then the demo was carried out in area 2 and the children would
see the experimenter playing with the projected image of KASPAR — not with the
physical robot itself).

After the demo, only one child was asked to remain in the cubicle — the other
two children were taken by the other experimenter outside the cubicle to wait for
their turn. Each child individually interacted with the physically embodied (K),
virtually embodied (V ) and disembodied robot (D), in one of the two gesture con-
ditions.

During the games, the experimenter who was located in the experimental area
kept silent and did not interfere with the child’s or the robot’s performance. The
children were given very basic information about the difference between the games
(e.g., ‘Now you will play with the projected image of KASPAR’; ‘Now you will
hear KASPAR’s drumming sound, but you cannot see KASPAR itself’).

The sessions were videotaped and the video recordings were used as a source of
behavioral data (described in detail in the following subsections).

In the current study, KASPAR acted totally autonomously. Thus, the experi-
menter was always in view of the participant, especially when the physical robot
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Figure 3. Screen shot from the experiment showing a person playing a drumming game with the
physically embodied robot.

Figure 4. Screen shot from the experiment showing a person playing a drumming game with the
hidden robot (disembodiment condition).

was not visible. Participants may otherwise have believed that the performer of the
drumming was not KASPAR, but the experimenter (i.e., a hidden puppeteer in the
Wizard-of-Oz technique — a widely used technique in human-computer interaction
and HRI research where a human, who is unknown to the participants, is controlling
the behavior of the system; e.g., Ref. [40]).
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3.4. KASPAR

The study was carried out with the humanoid robot called KASPAR. KASPAR is
a child-sized humanoid robot that was designed and built by the members of the
Adaptive Systems Research Group at the University of Hertfordshire to study HRIs
with a minimal set of expressive robot features. This humanoid robot has been used
in a variety of projects, e.g., in research to mediate interaction for people with and
without special needs [41, 42].

KASPAR has 8 d.o.f. in the head and neck, and 6 d.o.f. in the arms. Its width
is 30 cm, depth is 35 cm and height is 45 cm, and its shape is modeled after a 2-
to 3-year-old child. The face is a silicon-rubber mask, which is supported by an
aluminum frame. It has eyelids capable of blinking, and a mouth capable of opening
and smiling (a detailed description can be found in Ref. [31]).

3.5. Interaction Game Implementation

In this work, as in the previous study [30], the participant played a rhythm that
KASPAR tried to replicate in a simple form of imitation (mirroring). KASPAR
had two modes — listening and playing. It recorded and analyzed the human’s
rhythm in the listening mode and it played the rhythm back by hitting the drum
positioned on its lap in the playing mode. Then the participant played again. This
(deterministic) turn-taking in this game continued for a fixed time duration (2 min
for the current work). Due to its limited motor skills, KASPAR did not imitate the
strength of the beats, but only the number of beats and durations between beats.
For beats beyond its motor skills, it used instead minimum values allowed by its
capabilities: KASPAR needed at least 0.3 s between beats to get its joints ‘ready’,
so that, even if the human played faster, KASPAR’s imitations would still require
minimum durations of at least 0.3 s between beats. It also needed to wait for a few
seconds before playing any rhythm in order to get its joints into the correct reference
positions.

3.6. Software Features

The implementation of robot perception and motor control used the YARP envi-
ronment [43]. YARP is an open-source framework used in the project RobotCub
that supports distributed computation and emphasizes robot control as well as ef-
ficiency. It enables the development of software for robots without considering a
specific hardware or software environment. Portaudio [44] software was used to
grab audio from the audio device within the YARP framework.

The acoustic sound waves recorded by the sound grabber module were converted
to digital music samples, which allows mathematical computations and sample-
based techniques to be used on them. To detect the patterns of a sound wave, a filter-
based method is used, based on the work of Ref. [45] that was originally used to
detect visual patterns.
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3.7. Measures

During the experiment several sources were used to collect data. These sources
included asking the children to complete a questionnaire related to the trials, record-
ing the sessions by video cameras for later video analysis and collecting the behav-
ioral (drumming) data of each robot–child pair.

3.7.1. Questionnaire
A paper-based questionnaire was used to collect data relevant in investigating the
differences in the embodiment conditions (H1) and the gesture effect (H2). The
questionnaire is available from E. F. request. It was comprised of three sections.
The first section gathered general information about the child, their experience with
robots and video games, and gave instructions on how to complete the question-
naire. The second section consisted of 15 closed-ended questions (repeated for the
three embodiment conditions) and the third section consisted of two open-ended
questions.

Considering the sample population and time limitations, the questionnaire was
kept as simple and short as possible. It was pilot tested with one participant of a
similar age group (a 9-year-old child). The pilot test confirmed that both the length
of the questionnaire and the questionnaire’s administration time were acceptable
(below 6 min). In order to develop the final version of the questionnaire, a few
minor language changes were made.

After each trial condition, the child was asked to answer the 15 closed-ended
questions in order to express their opinions about the game they just played (the
same questions were presented after each of the three embodiment trial conditions).

The closed-ended questions were used to evaluate the robot in terms of: enjoy-
ment, social attraction, involvement, performance, general appearance and intelli-
gence. As the researchers were interested in the children’s feelings and opinions
about the interaction with the robot, a five-point Likert scale (respondent shows the
amount of agreement/disagreement with a given statement) and a semantic differ-
ential scale (a scale inscribed between two bipolar words; children select the point
that most represents the direction and intensity of their feelings) were used.

Note that before conducting the data analysis, three items were removed from the
questionnaire because some of the children, while they were completing the ques-
tionnaire, showed difficulties in understanding their meaning (one was a negatively
phrased item).

To measure the level of enjoyment during the interaction with the robot, two
questions on a five-point Likert scale with a central anchor were used (‘Did you
enjoy playing with this robot?’ and ‘Did you find it interesting?’) (Cronbach’s
α = 0.78). Social attraction toward the robot was measured by a modified version of
McCroskey and McCain’s Interpersonal Attraction Scale [46]; children were asked
to indicate their level of agreement to the following statements: ‘I would like to
be friend with this robot’ and ‘I would like to spend more time with this robot’
(Cronbach’s α = 0.90). Involvement in the game was measured by the level of



1964 H. Kose-Bagci et al. / Advanced Robotics 23 (2009) 1951–1996

agreement to the following statements: ‘I paid attention to the robot’ and ‘I felt that
the robot involved me in the game’ (Cronbach’s α = 0.84). The robot’s perceived
intelligence was measured by participants’ levels of agreement on the statement:
‘I think this robot is intelligent’ (Cronbach’s α = 0.60). The level of agreement was
always measured using the same five-point response scales with a central anchor.
Two questions concerning the robot’s performance were asked using a five-point
semantic differential scale: lazy/energetic, and bad drummer/good drummer (Cron-
bach’s α = 0.79). Three questions concerning the general appearance of the robot
were asked using a five-point semantic differential scale: unpleasant/pleasant, not
friendly/friendly and machine like/human like (Cronbach’s α = 0.78).

Once the children had completed the items related to the third game, they were
asked to complete the last section of the questionnaire. In this part they judged the
overall experience by deciding which of the three games they liked the best and
which they liked the least, as well as writing down the reasons behind that decision.

During the study, the questionnaire administration was performed in a dedicated
area separate from playing areas 1 and 2, where one of the experimenters was on
hand to help the child complete the questionnaire if needed.

3.7.2. Behavioral Data
The experiments were recorded by two different cameras positioned at different
parts of the experimental area (one facing the child and the other facing the robot),
during each single game. The video recordings were later analyzed manually to
detect the performance of the children’s behavioral data (e.g., the number of drum
beats played by the children and number of turns taken by the children at each
game). This data was then compared with the behavioral data recorded by the robot
itself (see below). Also, video recordings are helpful as they give valuable clues
about the likes/dislikes of the children. They are also used to support the evaluation
of the questionnaires.

Behavioral data that belonged to the robot and human participants were collected
during the trials by the robot using its internal (joints) and external sensors (micro-
phones). KASPAR records its performance (e.g., the number of drum beats played
by KASPAR and number of turns taken by the robot during each game), as well
as those of the children (e.g., the duration of time between each drum beat of the
children) to imitate their performance within its physical limitations. In the next
section these recordings will be described and analyzed in detail.

The behavioral data includes several parameters related to the children’s and
to KASPAR’s drumming, i.e., the number of turns in a specific game, total, av-
erage and maximum number of drum beats performed by human participants and
KASPAR per turn, and the drumming and turn-taking errors. The drumming error
is the difference between KASPAR’s actual drumming, i.e., the number of beats
KASPAR plays in a particular turn, and the number of beats the child plays. Like-
wise, the turn-taking error is based on the difference between KASPAR’s and the
children’s turn-taking. Thus, the drumming and turn-taking errors reflect the dis-
crepancy between human and robot drumming performance in this imitation game.
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Although the robot’s performance is the same under all conditions, the child’s re-
sponse to the robot’s play differs. This affects the robot’s detection and imitation of
the child’s drumming and, thus, influences the robot’s performance in its response.
There are many different reasons for the robot’s erroneous detection of the child’s
performance (number of drumming beats and turns) caused by the children. For
example, they will beat the drum while the robot is drumming and not listening
(improper synchronization), so their beating will not be considered by the robot.
Likewise, they may beat very fast or very light, which will not be detected by the
robot, or they will use the bells of the drum, resulting in the robot detecting more
than one beat.

In Section 4, several ‘error’ and performance measures based on the behavioral
data are used to analyze the differences between different conditions. The error and
performance measures are either presented per game or per turn. A game comprises
the whole interaction occurring within one embodiment condition in a limited time
period (2 min as specified in the current work) including several turns. The term
non-zero turns defines the turns where at least one drum beat is played. For clarity
all the zero turns (i.e., turns where no drum beat is played/or detected) were re-
moved from the data for the following analysis. The term Diffsum (1) stands for the
difference of the total sum of beats between participant and robot per game. The
maximum number of beats per game shows the maximum number of drum beats
played in a single turn per game. As shown in (2), Errorsum is Diffsum per num-
ber of non-zero turns (maximum of human and KASPAR). The term non-perfect
turns is used for the number of non-zero turns where the number of drum beats in
both the human’s and KASPAR’s turns do not match. If the number of non-zero
turns of both do not match then the difference is also counted as a non-perfect turn.
However, due to errors in observations and differences in children’s play rhythms,
this measure can be erroneous, giving a higher error rate than the real case, so we
also take Errorsum and other performance measures into consideration. The term
Errorturn defines the number of non-perfect turns per number of non-zero turns
(maximum of human and KASPAR) (3).

Diffsum =
∑

BeatsHuman −
∑

BeatsKASPAR (1)

Errorsum = Diffsum

max(non-zero_turnsHuman, non-zero_turnsKASPAR)
(2)

Errorturn:
non-perfect_turns

max(non-zero_turnsHuman, non-zero_turnsKASPAR)
. (3)

To evaluate the success of a performance, the error rates, especially Errorsum and
Errorturn, are taken into consideration. The lower the Errorsum and Diffsum, the
better the drumming. Similarly, lower Errorturn, difference of non-zero turns or
number of non-perfect turns values indicate better turn-taking. Ideally, Errorsum
and Errorturn should be smaller than 1, and as close to 0 as much as possible.
Other criteria, e.g., number of non-zero turns, average or maximum number of beats
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played per turn and number of beats played per game, can differ according to dif-
ferent conditions in the game or different features of the participants. For example,
a higher average number of beats per turn might indicate more involvement of the
human participant in that particular game compared to the other conditions, even
though this might increase the errors in the game, due to the technical limitations
of KASPAR’s audio capture.

4. Results and Discussion

As mentioned above, the present study utilized a 3 (embodiment) × 2 (gestures)
mixed design to evaluate embodiment and gesture effects. Data of the 66 chil-
dren were analyzed using SPSS software (version 16 for Windows) and results
are reported below. Detailed information about the descriptive data related to the
questionnaires and behavioural data is listed in Appendix A.

In the following subsections the letter N stands for ‘no-gesture’ condition and
the letter G stands for ‘gesture’ condition, i.e., they indicate whether the gestures
of KASPAR were used in that particular game or not. Likewise, as explained above
for the embodiment conditions, K stands for the game where the human participant
played with the physical robot KASPAR, V is the virtual embodiment condition
where the human played with the projected image of KASPAR and D is the dis-
embodiment condition where the participant cannot see the robot, but can only hear
the sound of the hidden KASPAR.

There are two main sources of error — the differences in KASPAR’s and the
child’s drumming, and the differences in their turn-taking. The video recordings
and the data recorded by the robot itself were analyzed to obtain these error and
performance measures, which are very useful to study the behaviors of the robot
and the children, and detect some significant differences between various conditions
that are hard to detect from the questionnaire data only.

4.1. Does Embodiment Matter?

Data collected from the questionnaires were analyzed to investigate differences in
children’s opinions about their interaction with the robot in the different embodi-
ment conditions.

In our research we predicted that the children would evaluate the interaction with
an embodied robot more positively than the interaction with a disembodied one and
that the interaction with the virtual robot would be less positive than the interaction
with the physical embodied robot (as described in H1).

Hypothesis H1 is partially supported by the answers that the children gave to the
overall experience. Two questions at the end of the questionnaire focused on col-
lecting information about the game that they liked the most (Fig. 5) and the game
that they liked the least (Fig. 6). As shown in Table 3, almost all the participants
(n = 55; 83.33%) preferred to play with the embodied robot (conditions V or K),
rather than with the disembodied one. Likewise, more than half of the children pre-
ferred the game in the physical embodiment condition (n = 38; 57.57%), compared
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Figure 5. Most liked game.

Figure 6. Least liked game.

to the game in the virtual embodiment condition (25.76%). In addition, they liked
least the game played in the disembodiment condition (n = 44, 66.6%). However,
no significant mean difference in the embodiment condition related to evaluation
of enjoyment, social attraction, involvement, performance, general appearance and
intelligence was found.

It is nevertheless interesting to note the trend that the data shows (Fig. 7). The
interaction with the physically embodied robot was generally more appreciated
than the interactions in the other two conditions. Indeed, in almost all the vari-
ables (e.g., robot’s appearance, social attraction, involvement and intelligence) the
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Table 3.
Game preferences

Em-
bodi-
ment

Game liked the best Game liked the least

Frequency Frequency Frequency % Frequency Frequency Frequency %
in G in N in G in N
condition condition condition condition

K 38 20 18 57.57 6 3 3 9.09
V 17 7 10 25.76 16 7 9 24.24
D 11 6 5 16.67 44 23 21 66.67

Total 66 100 66 100

Figure 7. Effect of embodiment in children’s scores of robot appearance, social attraction, involve-
ment, intelligence, performance and enjoyment of the interaction.

children gave the physically embodied robot the highest score, the disembodied
robot the lowest score and the virtual embodied robot a score in between the two
(generally close to the one assigned to the disembodiment condition). On the con-
trary, a different result appeared for the level of enjoyment. It is interesting to notice
that the virtual embodiment condition received the lowest score — lower than the
disembodied condition. Similarly, another result that does not follow the previous
highlighted trend is the one related to the robot’s performance. The disembodiment
condition gained the highest score in robot performance, while the physically em-
bodied robot received the lowest score. A possible explanation for this unforeseen
result is that children’s attention, while interacting with the disembodied robot, is
not diverted from the primary task, so children were focused only on the drumming
game and, thus, evaluated the drumming performance differently.

However, consistent with hypothesis H1, results show that when gestures were
used, the participants tended to evaluate the physically embodied robot more pos-
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Figure 8. Combined effect of embodiment and gesture in children’s scores of the enjoyment of the
interaction.

itively than in the other two conditions. In terms of enjoyment, there was an in-
teraction effect between gesture and embodiment (F(2,126) = 4.29, P < 0.016,
η2 = 0.064). This effect is described in Fig. 8, which suggests that for the gesture
condition, participants tended to evaluate the physical condition more favorably
than other conditions — an effect which is not evident for the no-gesture condition.

Likewise, there was an interaction effect between gestures and embodiment in
terms of perceived intelligence (F(2,126) = 3.24, P < 0.042, η2 = 0.049). This
effect is described in Fig. 9, which suggests that the physical robot is rated as more
intelligent in the gesture condition while the opposite is true for the virtual em-
bodiment and the disembodied condition. It may be that the time the robot spent
in making gesture movements affected negatively the intelligence attributed to it
when it was not physically present (V and D condition), while it could have had a
positive effect for the robot in the K condition.

It is also interesting to notice that the disembodied robot (D) in the no-gesture
condition and the physically embodied robot (K) in the gesture condition received
a similar score. This result might be related to the number of drum beats played per
turn (see Section 4.2).

Moreover, a significant interaction effect between gestures and embodiment was
found in terms of robot appearance (F(2,128) = 4.92, P < 0.009, η2 = 0.071).
Note, as mentioned, children neither saw the robot’s appearance nor its gestures dur-
ing the disembodiment condition, so we refrain from discussing in more detail any
results concerning the disembodiment condition with respect to appearance evalua-
tion or effects of gestures. Figure 10 suggests that this effect caused the children to
evaluate the robot’s appearance in the virtual condition more positively when ges-
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Figure 9. Combined effect of embodiment and gesture in robot’s intelligence.

Figure 10. Combined effect of embodiment and gesture in robot appearance.

tures were used than when they were not used. Different from the previous trend,
children assigned a higher score to robot appearance when the physically embodied
robot was drumming in the no-gesture condition than in the gesture condition. It
might be the case that the gestures made by the robot were appropriate for a pro-
jected image of the robot, but not smooth enough for a robot sat in front of the
participants.
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No significant interaction effects between the gesture conditions and embodi-
ment conditions concerning social attraction, performance and involvement were
found.

4.2. Effect of Embodiment and Gestures on Behavioral Data (H2)

The drumming and turn-taking performances differ for different embodiment condi-
tions based on the analysis of behavioral data including error rates on the drumming
and turn-taking, and several other parameters, i.e., total amount of drumming per
game and maximum number of drum beats per turn, as stated in Section 3.7.2.

The game types are compared in detail in Table 4 (differences between hu-
man and KASPAR’s perspectives), Table 5 (human’s perspective) and Table 6
(KASPAR’s perspective). As shown in Fig. 11, there is a highly significant dif-
ference between the physically embodied condition K and the other conditions

Table 4.
Observed differences between child–robot drumming behaviors according to the embodiment condi-
tion

Game Difference of Difference of No. of non-perfect Error in sum Error in number
type sum of beats non-zero turns turns of beats of turns

K 12.53 ± 11.0 1.86 ± 2.00 14.65 ± 4.1 0.62 ± 0.51 0.74 ± 0.13
V 18.38 ± 13.2 2.65 ± 3.40 14.98 ± 4.1 0.94 ± 0.66 0.78 ± 0.14
D 18.20 ± 16.5 2.47 ± 2.39 15.45 ± 4.0 0.90 ± 0.80 0.78 ± 0.14

Table 5.
Observed human drumming behavior according to the embodiment condition

Game Sum of beats No. of non-zero Maximum no. Average no.
type turns of beats of beats/turn

K 60.06 ± 4.53 19.45 ± 4.02 12 3.18 ± 0.89
V 67.73 ± 17.72 18.70 ± 4.87 25 3.89 ± 1.73
D 67.61 ± 18.70 19.11 ± 4.18 13 3.64 ± 1.08

Table 6.
Observed KASPAR’s drumming behavior according to the embodiment condition

Game Sum of beats No. of non-zero Maximum no. Average no.
type turns of beats of beats/turn

K 51.86 ± 15.22 18.11 ± 3.57 14 2.93 ± 0.97
V 54.68 ± 17.81 17.59 ± 4.22 23 3.31 ± 1.73
D 53.35 ± 17.51 18.21 ± 3.52 13 2.98 ± 1.10



1972 H. Kose-Bagci et al. / Advanced Robotics 23 (2009) 1951–1996

Figure 11. Average errors in sum of beats according to the embodiment condition.

Figure 12. Effect of gestures on the average errors in the sum of beats according to the embodiment
condition.

in terms of the average error in the sum of beats (Errorsum) (F(2,126) = 6.653,
P < 0.002, η2 = 0.094; Bonferroni adjusted post-hoc tests indicate that the mean
difference between K and V is 0.315, P = 0.047; the mean difference between K

and D is 0.276, P = 0.001). The error rate increases with the absence of physical
embodiment, but not between disembodiment and virtual embodiment conditions.
There is a significant interaction effect between the gesture condition and em-
bodiment condition (F(2,126) = 3.379, P < 0.037, η2 = 0.050). This interaction
effect, presented in Fig. 12, suggests that the differences found between condition
K and the others is more pronounced for the gesture condition. There is no signifi-
cant main effect between embodiment conditions for turn-taking error (see Fig. 13),
but a significant interaction effect (F(2,126) = 8.214, P < 0.000, η2 = 0.114) pre-
sented in Fig. 14 suggests that gestures decrease the likelihood of such errors in
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Figure 13. Average errors in number of turns according to the embodiment condition.

Figure 14. Effect of gestures on the average errors in number of turns according to the embodiment
condition.

the physically embodied condition, while having the opposite effect on the virtual
and disembodied condition. These results support hypothesis H2 and suggest that
the physically embodied robot helps the child to understand the game and the robot
better, and improve the drumming and turn-taking performances.

The difference in the sum of drum beats is also significantly higher in the V

and D conditions than in condition K (main effect: F(2,126) = 6.096, P < 0.003,
η2 = 0.087; Bonferroni adjusted post-hoc tests indicate a mean difference between
K and V of 8.939, P = 0.0.001; the mean difference between K and D is 7.591,
P = 0.0001), while there are no significant differences between the V and D condi-
tions (Fig. 15). An interaction effect between gesture and embodiment conditions,
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Figure 15. Difference of total number of drum beats of children and KASPAR according to the em-
bodiment condition.

Figure 16. Effect of gestures on the difference of total number of drum beats of children and KASPAR
according to the embodiment condition.

presented in Fig. 16, suggests that this effect is more strongly pronounced for the
gesture condition (F(2,126) = 4.031, P < 0.020, η2 = 0.059) (Fig. 16).

The maximum number of drum beats (F(2,126) = 14.095, P < 0.000, η2 =
0.180; Bonferroni adjusted post-hoc tests indicate that the mean difference between
K and V is 2.015, p = 0.0001; the mean difference between K and D is 1.076, P =
0.001) (Fig. 17), and the average number of drum beats (F(2,126) = 13.442, P <

0.000, η2 = 0.174; Bonferroni adjusted post-hoc tests indicate that mean difference
between K and V is 0.802, P = 0.0001; the mean difference between K and D is
0.495, P = 0.0001) (Fig. 18) of children and KASPAR per game is significantly
lower in condition K than it is in conditions V and D. There is also an interaction
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Figure 17. Maximum number of drum beats of children according to the embodiment condition.

Figure 18. Average number of drum beats of KASPAR according to the embodiment.

effect that suggests that these differences are more pronounced in the presence of
gestures, described in Fig. 19 (F(2,126) = 5.145, P < 0.007, η2 = 0.074).

4.3. Effect of the Play Time on the Games and Gestures (H3)

The analysis of the behavioral data showed significant effects for the play time in
terms of the drumming and turn-taking performances. In general, it was observed
that the participants initially either tried very long and fast patterns or they did
not beat the drum loud enough to be detected reliably when they started to play
(KASPAR uses a high-level noise filter to filter out high inner noise coming from
its joints, so it can only sense loud beats).

The effect of the play time is described in detail in Table 7 (differences between
human and KASPAR’s perspectives), Table 8 (human’s perspective) and Table 9
(KASPAR’s perspective). Interestingly, without any external encouragement, as the
children played more, it appeared that they got used to the game and were progres-
sively able to synchronize themselves to the robot better. Thus, the error rate (Er-
rorsum) decreased significantly over time (Fig. 20) (F(2,126) = 7.563, P < 0.001,
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Figure 19. Effect of gestures on the average number of drum beats of humans according to the em-
bodiment condition.

Table 7.
Observed differences between KASPAR-human drumming behaviors according to game order

Order Difference of Difference of No. of non-perfect Error in sum Error in number
sum of beats non-zero turns turns of beats of turns

1 20.15 ± 16.6 2.53 ± 2.3 15.58 ± 3.8 1.00 ± 0.79 0.79 ± 0.11
2 16.71 ± 13.2 2.64 ± 3.3 15.38 ± 3.7 0.82 ± 0.63 0.77 ± 0.14
3 12.24 ± 10.4 1.82 ± 2.2 14.14 ± 4.6 0.64 ± 0.55 0.74 ± 0.16

Table 8.
Observed human drumming behavior according to game order

Order Sum of beats No. of non-zero Maximum no. Average no.
turns of beats of beats/turn

1 64.15 ± 19.2 19.15 ± 4.57 12 3.44 ± 0.99
2 64.92 ± 16.2 19.56 ± 4.20 13 3.44 ± 1.08
3 66.32 ± 16.8 18.55 ± 4.32 25 3.83 ± 1.71

Table 9.
Observed KASPAR’s drumming behavior according to game order

Order Sum of beats No. of non-zero Maximum no. Average no.
turns of beats of beats/turn

1 47.52 ± 15.9 17.86 ± 3.53 14 2.70 ± 0.98
2 52.33 ± 16.5 18.02 ± 3.77 13 2.96 ± 1.07
3 60.05 ± 15.9 18.03 ± 4.06 23 3.56 ± 1.66
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Figure 20. Average errors in sum of beats according to order.

Figure 21. Effect of gestures on the average errors in sum of beats according to order.

η2 = 0.106; Bonferroni adjusted post-hoc tests indicate that the mean difference
between the first game and the third game is 0.365, P = 0.003), implying a signifi-
cant interaction effect between order and gestures, suggesting that this effect is more
pronounced in the gesture condition. (F(2,126) = 2.952, P < 0.056, η2 = 0.044),
as shown in Fig. 21. Similarly, the difference between KASPAR’s and human’s
total drumming decreases as the children play more games (F(2,126) = 7.067;
P < 0.001, η2 = 0.099; Bonferroni adjusted post-hoc tests indicate that the mean
difference between the first game and the third game is 7.242, P = 0.005; the mean
difference between the second and the third game is 5.106, P = 0.008). There is
also an significant decrease of the error rate in the turn-taking (Errorturn) between
the first and third games (F(2,126) = 5.520, P < 0.022, η2 = 0.079) (Fig. 22) that
supports hypothesis H3.

As shown in the Fig. 23, the maximum number of beats per game increased
significantly between the first and third game (F(2,126) = 7.455, P < 0.001, η2 =
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Figure 22. Average errors in number of turns according to game order.

Figure 23. Maximum number of drum beats of children per turn according to order.

0.079; Bonferroni adjusted post-hoc tests indicate that the mean difference between
the first game and the third game is 1.33, P = 0.013). Also, the average drumming
per turn increases significantly in the third game (F(2,126) = 4.732, P < 0.010,
η2 = 0.069; Bonferroni adjusted post-hoc tests indicate that the mean difference
between the first and the third game approaches significance, the mean difference is
0.428, P = 0.06) (Fig. 24), which may suggest that participants played more beats,
possibly due to a stronger involvement in the game, as they played more games.

The number of non-zero turns differs significantly for the children according to
order as shown in Fig. 25 (F(2,126) = 3.800, P < 0.025, η2 = 0.056; Bonferroni
adjusted post-hoc tests indicate that the mean difference between the second and
the third game is 1.182, P = 0.011). Children (and consequently KASPAR) played
in less turns with a higher number of beats per turn and with longer durations when
the second and last games were compared.



H. Kose-Bagci et al. / Advanced Robotics 23 (2009) 1951–1996 1979

Figure 24. Average number of drum beats of children according to order.

Figure 25. Number of the non-zero turns of children per game according to order.

4.4. Effect of Gender

A significant effect was found for gender in the evaluation of the robot’s social
attraction. This effect is described in Fig. 26 and suggests that male children found
the robot more socially attractive in the physical embodiment condition than in the
two other embodiment conditions, while a similar effect is not evident for females
(F(2,126) = 3,06, P < 0.051, η2 = 0.046) (Fig. 26).

In terms of behavioral data, gender showed significant differences. When differ-
ent embodiment conditions were compared, there was a significant interaction effect
between embodiment and gender in terms of the maximum number of beats played
per turn (F(2,126) = 8.497, P < 0.000, η2 = 0.117). The effect, shown in Fig. 27,
suggest that when the children play with the physical robot, their performance is
similar, but in the absence of the physical robot male children play more beats than
the female children. This effect is most pronounced in the virtual embodiment con-
dition. There could possibly be a link between the males tending to play computer
games and these results. They may view the game with the two-dimensional pro-
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Figure 26. Gender differences in the robot’s social attraction in the different embodiment conditions.

Figure 27. Effect of gender on the maximum number of drum beats of children according to the
embodiment condition.

jected image of the robot (V condition) like a computer game and this might affect
their performances. Further analysis is needed to investigate this issue.

In terms of the play time effect, the gender differences are significant in the num-
ber of drum beats played. There is a significant main effect for gender (F(1,63) =
7.042, P = 0.01, η2 = 0.099; due to there only being two levels for gender, a Bon-
ferroni test was not conducted), for game order (F(2,126) = 7.455, P = 0.001,
η2 = 0.104; Bonferroni adjusted post-hoc test found the following significant mean
differences: first and third game, mean difference = 1.493, P = 0.004; second and
third, mean difference 1.060, P = 0.028), as well as a significant interaction be-
tween gender and game order (F(2,126) = 4.639, P < 0.011, η2 = 0.068). This
interaction effect is described in Fig. 28 and suggests that the male participants
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Figure 28. Effect of gender on the maximum number of drum beats of children according to the
sequential order.

Figure 29. Effect of gender on the average number of drum beats of humans according to the sequen-
tial order.

have a more pronounced difference between the third game and the other games
than the females.

For average number of beats, a significant main effect was found for gender
(F(1,63) = 5.212, P = 0.026, η2 = 0.075; Bonferroni test not conducted due to
gender only having two levels) and game order (F(2,126) = 4.732, P = 0.012,
η2 = 0.069; Bonferroni adjusted post-hoc tests found a significant mean difference
between the first and the the third game, mean difference = 0.481, P = 0.035);
there was also an interaction effect between gender and game order approaching
significance (F(2,126) = 2.922, P < 0.057, η2 = 0.044). This interaction effect is
described in Fig. 29, and suggests that the difference between the first and the third
game is more pronounced for the male participants.
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Figure 30. Effect of gender on the number of non-zero turns of humans according to game order.

For the number of turns played, a significant main effect was found for game
order (F(2,126) = 3.800, P = 0.025, η2 = 0.056; Bonferroni adjust post-hoc test
found a significant mean difference between the the second and the third game,
mean difference = 1.359, P = 0.002). However, an interaction effect was found for
gender and game order (F(2,126) = 3.263, P < 0.041, η2 = 0.049); this effect is
described in Fig. 30 and suggests that this difference is primarily due to the behavior
of the male participants.

5. Conclusions

In this research, we studied the effect of embodiment and gestures on a human–
humanoid drumming game. We tested different levels of embodiment of the hu-
manoid robot which autonomously played games with child participants. Half of
the children interacted with a robot that made simple head gestures while imitating
the child’s drumming, while the rest of them played with a robot that did not make
any gestures, but simply played its drum.

The analysis of results from video recordings, questionnaire data and the robot’s
recordings of the behavioral data gave either partial or full support for our orig-
inal hypotheses as formulated in Section 2. The physical embodied robot (K) in
the gesture condition has been evaluated by the children as the interaction that they
enjoyed the most. The drumming performance of the child–robot pair is the highest
in the physical robot condition, and decreases in the virtual and disembodied ro-
bot conditions. Similarly, best turn-taking was achieved when they played with the
physical robot; their coordination got worse in the virtual and disembodied robot
conditions.

Results of questionnaire data analysis and behavioral data support the expec-
tation that embodiment can play an important role in social interaction tasks. In
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particular, our child participants found the presence of a physical robot most enjoy-
able and believed it to be more pleasant to play with than a hidden robot or a virtual
robot.

Overall, the questionnaire results show that children’s opinions are not effected
by the embodiment conditions, nor by the presence or absence of robot gestures.
Nevertheless, it is interesting to note that the data indicates a trend in which the
children generally appreciated more the interaction with the physically embodied
robot than the other two conditions. Despite of that small result, significant inter-
action effects of embodiment and gesture conditions have been found in terms of
enjoyment, intelligence and appearance.

In terms of enjoyment, there is a significant difference between the embodiment
conditions when the robot made gestures during its drumming, where participants
in the gesture condition enjoyed interacting with the embodied robot more than with
the two other embodiment conditions. The result concerning intelligence (in which
the perceived intelligence of the robot was less for the video and disembodied con-
dition than for the embodied condition if gestures were used, while the opposite was
true when no-gestures were performed) is also quite interesting, possibly highlight-
ing the importance of physical embodiment for effective use of and the processing
of non-verbal cues in social interactions. The result regarding appearance might
suggest that the gestures used by the robot might be appropriate for the projected
image, but not smooth enough for a robot sat in front of a child.

Moreover, the behavioral data of the children and the robot support that there
is a significant difference between the embodiment conditions as we hypothesized.
The presence of the physically embodied robot motivated the children positively,
and helped to improve the turn-taking and drumming between the robot and the
children significantly. When the robot made gestures whilst drumming, the differ-
ences between the drumming and turn-taking performances belonging to different
embodiment conditions increased significantly. Gestures played a positive role, es-
pecially when the child played with the physically embodied robot in terms of
turn-taking.

Also, there is a significant difference in the error rates of drumming and turn-
taking between the first and the third games. Thus, as hypothesized, the children
enjoyed the game more, and both the drumming and the turn-taking performance of
the robot and the children improved as they played more. When the gestures were
introduced, especially in the first game, there was a significant difference in the
turn-taking errors — as the children played more, they got used to the robot and the
gestures, and this difference decreased.

Note that we are aware of the limitations of our study. For example, the variances
within the sample were quite large in comparison to the effect sizes. This is to be ex-
pected — the novelty of HRI scenarios, and considering that the sample consisted of
children, would lead one to expect that idiosyncracies of the individual participant
would impact both interactions and evaluations of these. Owing to this, a sample
size such as the one presented in the paper (which is quite large compared to similar
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studies) is a reasonable and accepted way of controlling for such idiosyncracies in
order to avoid a type II error (‘Failing to reject a false null hypothesis’) [47].

Several directions for future work can be envisaged. Considering that play is
often a ‘group activity’, one may study teams of children playing together with the
robot in order to investigate how they interact with each other as well as with the
robot. Such ‘social facilitation effects’ in HRI have been found, for example, in our
previous studies involving children playing games with a non-humanoid mobile
robot [48]. Also, the experience of the human–humanoid drumming game could
be compared with a human–human drumming game. Furthermore, adding visual
feedback with the use of the robot’s internal cameras may be helpful in enhancing
the robot’s interaction with the children. In that way the robot could adapt itself to
the behavioral changes in the children to achieve a higher level of social interaction
with them. Finally, different robot appearances (e.g., humanoid versus mechanical-
looking or zoomorphic) and different robot behaviors could be varied systematically
in studies comparing virtual and physical embodiment conditions.

On a general note, recently more emphasis has been given to the use of virtual
social agents (e.g., virtual characters) in the context of interaction with humans
[49–52]. Graphical characters in virtual environments (cf ; computer games) can
create scenarios far more complex than typical HRI scenarios, which explains their
popularity in entertainment and educational applications, for example. However,
interaction with virtual characters typically requires the use of dedicated interfaces,
e.g., keyboard, mouse, Wii, etc., while interactions with robots, as described in
this paper, do not necessarily require specialized input devices. As the results in
this paper indicate, there is a clear benefit of using physical embodied characters,
compared to virtual characters, as far as children’s responses are concerned. Thus,
despite limitations concerning the complexity of autonomous intelligent behavior
and interactive capabilities of state-of-the-art robots, our research supports the need
for physically embodied interaction in suitable scenarios. Note that in therapy ap-
plications the physical dimension of interaction can provide an additional strong
incentive and therapeutic objective, and not unsurprisingly, more and more embod-
ied robots have been used in special education, engaging children with special needs
in meaningful interactions [53–55].

This large-scale study with an autonomous humanoid robot and children is one
of the first studies in this domain of comparing physical and virtual robot embod-
iments. The achievements and findings here suggest implications for research in
application areas involving robots and children. Our results indicate that the em-
bodiment of the robot (virtual or physical) has a significant impact on the objective
performance and children’s subjective evaluation of the interaction.
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Appendix A

Descriptive Data Related to Questionnaire Data

Table A.1.
Descriptive data of the embodiment effect

Embodiment
condition

Mean SE 95% Confidence interval

Lower bound Upper bound

Enjoyment K 4.457 0.090 4.278 4.637
V 4.262 0.125 4.013 4.511
D 4.376 0.097 4.182 4.570

Performance K 3.667 0.139 3.389 3.944
V 3.735 0.158 3.418 4.051
D 3.735 0.142 3.451 4.019

Appearance K 4.212 0.099 4.014 4.410
V 4.020 0.118 3.784 4.256
D 3.985 0.105 3.775 4.195

Social attraction K 4.111 0.113 3.884 4.338
V 4.009 0.139 3.730 4.287
D 4.008 0.133 3.742 4.273

Intelligence K 4.325 0.105 4.114 4.535
V 4.275 0.115 4.045 4.505
D 4.274 0.123 4.028 4.520

Involvement K 4.455 0.087 4.280 4.629
V 4.340 0.104 4.132 4.547
D 4.330 0.107 4.117 4.543
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Table A.2.
Descriptive data of the gesture effect

Gesture
condition

Mean SE 95% Confidence interval

Lower bound Upper bound

Enjoyment gesture 4.422 0.120 4.181 4.662
no-gesture 4.308 0.118 4.071 4.545

Performance gesture 3.581 0.164 3.253 3.908
no-gesture 3.843 0.164 3.516 4.171

Appearance gesture 4.040 0.118 3.804 4.276
no-gesture 4.104 0.118 3.868 4.340

Social attraction gesture 4.135 0.162 3.811 4.460
no-gesture 3.949 0.160 3.630 4.269

Intelligence gesture 4.219 0.123 3.973 4.464
no-gesture 4.364 0.121 4.122 4.605

Involvement gesture 4.401 0.120 4.161 4.641
no-gesture 4.348 0.118 4.112 4.585

Table A.3.
Descriptive data of the gender effect

Gender Mean SE 95% Confidence interval

Lower bound Upper bound

Enjoyment male 4.359 0.134 4.091 4.627
female 4.368 0.109 4.149 4.586

Performance male 3.519 0.180 3.158 3.879
female 3.846 0.150 3.546 4.146

Appearance male 4.000 0.130 3.740 4.260
female 4.123 0.108 3.906 4.339

Social attraction male 3.968 0.181 3.607 4.329
female 4.090 0.147 3.795 4.384

Intelligence male 4.314 0.133 4.048 4.580
female 4.415 0.109 4.197 4.632

Involvement male 4 269 0.137 3995 4 543
female 4.308 0.112 4.084 4.531
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Table A.4.
Descriptive data of the interaction between embodiment and gesture

Embodiment
condition

Mean SE 95% Confidence interval

Lower bound Upper bound

Enjoymenta

gesture K 4.688 0.128 4.432 4.943
V 4.281 0.178 3.927 4.636
D 4.297 0.138 4.020 4.573

no-gesture K 4.227 0.126 3.976 4.479
V 4.242 0.175 3.893 4.592
D 4.455 0.136 4.182 4.727

Performance
gesture K 3.621 0.196 3.229 4.014

V 3.682 0.224 3.234 4.129
D 3.439 0.201 3.038 3.841

no-gesture K 3.712 0.196 3.320 4.105
V 3.788 0.224 3.340 4.235
D 4.030 0.201 3.629 4.432

Appearancea

gesture K 4.162 0.140 3.881 4.442
V 4.182 0.167 3.848 4.515
D 3.778 0.149 3.480 4.075

no-gesture K 4.263 0.140 3.982 4.543
V 3.859 0.167 3.525 4.192
D 4.192 0.149 3.894 4.489

Social attraction
gesture K 4.328 0.162 4.005 4.651

V 4.078 0.198 3.681 4.475
D 4.000 0.189 3.622 4.378

no-gesture K 3.894 0.159 3.576 4.212
V 3.939 0.195 3.549 4.330
D 4.015 0.186 3.643 4.388

Involvement
gesture K 4.500 0.124 4.251 4.749

V 4.422 0.148 4.126 4.717
D 4.281 0.152 3.978 4.585

no-gesture K 4.409 0.123 4.164 4.654
V 4.258 0.146 3.966 4.549
D 4.379 0.150 4.080 4.678

Intelligencea

gesture K 4.438 0.150 4.138 4.737
V 4.156 0.164 3.829 4.484
D 4.063 0.176 3.712 4.413

no-gesture K 4.212 0.148 3.917 4.507
V 4.394 0.161 4.072 4.716
D 4.485 0.173 4.139 4.830

a Significant interaction effect.
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Table A.5.
Descriptive data of the interaction between embodiment and gender

Embodiment
condition

Mean SE 95% Confidence interval

Lower bound Upper bound

Enjoyment
male K 4.442 0.149 4.145 4.740

V 4.269 0.197 3.876 4.663
D 4.365 0.154 4.057 4.674

female K 4.462 0.122 4.218 4.705
V 4.256 0.161 3.935 4.578
D 4.385 0.126 4.133 4.636

Performance
male K 3.352 0.211 2.930 3.774

V 3.556 0.246 3.064 4.047
D 3.648 0.229 3.190 4.106

female K 3.885 0.176 3.533 4.236
V 3.859 0.205 3.450 4.268
D 3.795 0.191 3.414 4.176

Appearance
male K 4.198 0.155 3.887 4.508

V 3.889 0.186 3.517 4.261
D 3.914 0.169 3.576 4.251

female K 4.222 0.129 3.964 4.480
V 4.111 0.155 3.802 4.420
D 4.034 0.141 3.753 4.315

Social attractiona

male K 4.212 0.184 3.844 4.579
V 3.808 0.218 3.372 4.244
D 3.885 0.209 3.467 4.302

female K 4.038 0.150 3.739 4.338
V 4.141 0.178 3.785 4.497
D 4.090 0.171 3.749 4.431

Involvement
male K 4.462 0.138 4.185 4.738

V 4.250 0.164 3.922 4.578
D 4.231 0.168 3.895 4.566

female K 4.449 0.113 4.223 4.674
V 4.397 0.134 4.129 4.666
D 4.397 0.137 4.123 4.671

Intelligence
male K 4.462 0.166 4.129 4.794

V 4.231 0.183 3.865 4.597
D 4.115 0.197 3.721 4.510

female K 4.231 0.136 3.959 4.502
V 4.308 0.150 4.009 4.606
D 4.385 0.161 4.062 4.707

a Significant interaction effect.
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Descriptive Data Related to Behavioral Data

Table A.6.
Descriptive data of the embodiment effect

Embodiment
condition

Mean SE 95% Confidence interval

Lower bound Upper bound

Errorsuma K 0.623 0.063 0.497 0.750
V 0.938 0.082 0.774 1.102
D 0.899 0.095 0.710 1.088

Errorturn K 0.741 0.016 0.709 0.772
V 0.778 0.017 0.744 0.812
D 0.780 0.017 0.746 0.814

Diffsuma K 12.530 1.356 9.822 15.239
V 18.379 1.622 15.139 21.619
D 18.197 2.011 14.180 22.214

Maxofbeatsa K 5.500 0.261 4.978 6.022
V 7.515 0.571 6.375 8.655
D 6.576 0.367 5.843 7.308

Avgofbeatsa K 3.129 0.101 2.927 3.332
V 3.932 0.219 3.494 4.369
D 3.624 0.130 3.365 3.883

a Significant interaction effect.

Table A.7.
Descriptive data of the interaction between embodiment and gender

Embodiment
condition

Mean SE 95% Confidence interval

Lower bound Upper bound

Maxofbeatsa

male K 5.630 0.408 4.814 6.445
V 9.407 0.841 7.727 11.088
D 7.815 0.542 6.732 8.898

female K 5.410 0.340 4.732 6.089
V 6.205 0.700 4.807 7.603
D 5.718 0.451 4.817 6.619

a Significant interaction effect.
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Table A.8.
Descriptive data of the interaction between embodiment and gesture

Embodiment
condition

Mean SE 95% Confidence interval

Lower bound Upper bound

Errorsuma

gesture K 0.642 0.090 0.463 0.822
V 0.977 0.116 0.745 1.208
D 1.139 0.134 0.872 1.406

no-gesture K 0.604 0.090 0.425 0.784
V 0.899 0.116 0.667 1.130
D 0.659 0.134 0.392 0.926

Errorturna

gesture K 0.705 0.023 0.659 0.750
V 0.820 0.024 0.772 0.868
D 0.820 0.024 0.773 0.868

no-gesture K 0.777 0.023 0.732 0.822
V 0.735 0.024 0.687 0.783
D 0.740 0.024 0.692 0.788

Diffsuma

gesture K 11.636 1.917 7.806 15.467
V 16.606 2.294 12.024 21.188
D 21.485 2.843 15.805 27.165

no-gesture K 13.424 1.917 9.594 17.254
V 20.152 2.294 15.569 24.734
D 14.909 2.843 9.229 20.589

Avgofbeatsa

gesture K 3.211 0.143 2.925 3.497
V 4.510 0.310 3.891 5.129
D 3.897 0.183 3.531 4.264

no-gesture K 3.048 0.143 2.761 3.334
V 3.353 0.310 2.734 3.972
D 3.351 0.183 2.985 3.717

a Significant interaction effect.
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Table A.9.
Descriptive data of the game order effect

Game
order

Mean SE 95% Confidence interval

Lower bound Upper bound

Errorsuma 1 1.002 0.094 0.815 1.190
2 0.821 0.079 0.663 0.978
3 0.638 0.068 0.502 0.773

Errorturna 1 0.790 0.014 0.761 0.818
2 0.770 0.017 0.736 0.803
3 0.738 0.020 0.698 0.778

Diffsuma 1 19.940 2.095 15.755 24.125
2 17.745 1.774 14.201 21.289
3 12.826 1.338 10.153 15.499

Maxofbeatsa 1 6.056 0.295 5.466 6.645
2 6.489 0.395 5.700 7.277
3 7.548 0.525 6.499 8.598

Avgofbeatsa 1 3.439 0.116 3.208 3.670
2 3.491 0.163 3.165 3.817
3 3.920 0.206 3.509 4.331

Non-zeroturnsa 1 18.899 0.577 17.747 20.051
2 19.644 0.524 18.597 20.690
3 18.285 0.567 17.152 19.417

a Significant interaction effect.

Table A.10.
Descriptive data of the interaction between game order and gesture

Game
order

Mean SE 95% Confidence interval

Lower bound Upper bound

Errorsuma

gesture 1 1.233 0.133 0.968 1.498
2 0.851 0.111 0.629 1.073
3 0.675 0.096 0.483 0.867

no-gesture 1 0.771 0.133 0.506 1.036
2 0.790 0.111 0.568 1.013
3 0.600 0.096 0.408 0.793

a Significant interaction effect.
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Table A.11.
Descriptive data of the interaction between game order and gender

Game
order

Mean SE 95% Confidence interval

Lower bound Upper bound

Maxofbeatsa

male 1 6.778 0.453 5.872 7.684
2 6.926 0.607 5.714 8.138
3 9.148 0.808 7.535 10.762

female 1 5.333 0.377 4.580 6.087
2 6.051 0.505 5.043 7.060
3 5.949 0.672 4.606 7.291

Avgofbeatsa

male 1 3.681 0.178 3.326 4.036
2 3.624 0.251 3.122 4.125
3 4.454 0.316 3.823 5.086

female 1 3.197 0.148 2.901 3.492
2 3.358 0.209 2.941 3.776
3 3.386 0.263 2.861 3.912

Non-zeroturnsa

male 1 17.926 0.887 16.155 19.697
2 19.852 0.805 18.243 21.461
3 17.519 0.872 15.777 19.260

female 1 19.872 0.738 18.398 21.345
2 19.436 0.670 18.097 20.775
3 19.051 0.725 17.603 20.500

a Significant interaction effect.
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