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ABSTRACT We propose a new wearable agent, ‘‘FinU (Friend in You),’’ based on the hypothesis that
inducing social facilitation effect, i.e., the effect of having other agents around to increase the task
performance, is possible, even for wearable agents with a single sensory modality, by establishing beliefs
about the agent in advance. Our agent system, FinU, consists of two devices: FinU-Box, a box-shaped device
that synchronizes visual, auditory, and tactile stimuli to represent an agent living on the user’s hand, and the
FinU-Band, a wearable device worn on the hand with a sensory modality limited to tactile stimuli. In this
study, in addition to the development of the system, we also conducted preliminarily evaluation by dividing
the participants into two experimental conditions: one in which subjects interacted with the agent using the
FinU-Box beforehand, and one in which participants did not use the FinU-Band. By having the user learn
beliefs about the agent from the FinU-Box, it was expected that the user would attribute higher presence to
the agent than if they had not learned beliefs. Participants were then tested on a continuous performance
task to measure the effect of social facilitation, which was expected to improve performance, and their
performance was compared across conditions. We assumed that higher performance indicated a stronger
sense of agent presence. The results showed that the social facilitation effect was stronger for participants
who had experienced the FinU-Box beforehand, as they responded more accurately to the task stimuli. This
suggests that our system, which combining a device that presents a rich sensory experience with a wearable
device that presents a single sensory experience would allow the agent’s presence to be more strongly felt
by the user.

INDEX TERMS Human-agent interaction, social facilitation, wearable robot.

I. INTRODUCTION
In recent years, research on agents, such as social robots,
that support people, in fields such as mental support, has
progressed. For example, Paro [1], a seal-like robot, is known
to provide mental support to the elderly with its soft, lifelike
touch and movements. Research also shows that the experi-
ence of being praised by an agent increases people’s learning
efficiency [2], [3].

The associate editor coordinating the review of this manuscript and
approving it for publication was Maurizio Tucci.

One of the promising mental support roles that agents will
be expected to play in the future is the social facilitation
effect, which has been studied in social psychology [4]. The
social facilitation effect is a phenomenon reported by Zajonc
in which a person’s performance on a task improves when
others are around him or her. This effect is especially likely
to occur when the task content is monotonous and uncom-
plicated. The social facilitation effect is also observed in
non-human animals [5], [6], and it is thought that the presence
of other individuals keeps the level of arousal high [7], [8],
resulting in better performance. Recent studies have shown
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that the mere presence of an artificial robot-like agent can
produce a social facilitation effect [9], [10]. If we can create
artifacts that can continuously induce such social facilitation
effects in our daily lives, it is expected that our daily work
performance will be improved.

However, having a physical robot beside us on a daily
basis, as has been studied so far, is not realistic in terms of
portability. Furthermore, if an agent equipped with various
sensory modalities is always around, the rich sensory infor-
mation itself may distract the user’s concentration on the task.
It is useful to create agents with minimum sensorymodalities,
and that can only provide social facilitation effects, to create
agents that can realistically support us to concentrate on
our work. In recent years, wearable smartwatches and other
devices that can casually transmit information to users by
a single modality, such as vibration, have begun to become
popular and agents equippedwith suchwearable devices have
been proposed to support users in their daily lives. Reference
[11]–[13]. If such devices can simultaneously induce mental
support in the form of social facilitation effects, it is expected
that more people will be able to demonstrate high levels of
concentration at multiple places.

On the other hand, the sense of presence of a wearable
agent with limited sensory modalities is lower than that of
a communicative robot that physically interact with humans,
and it is difficult to expect the same level of intensity of
presence and social facilitation effects as those of robots with
dynamic physical bodies [14].

One way to increase the presence of an agent with a small
number of sensory modalities is to supplement the missing
information to the agent by stimulating the user’s previous
memories and imagination [15]. In particular, providing users
with cues that suggest the presence of the agent in advance is
effective in enhancing the presence of agents for which suffi-
cient sensory information is not available. Previous research
has shown that users can sense the presence of a robot or agent
through prior verbal instruction or through the presentation
of a three-dimensional image of the robot or agent using
argument reality (AR), even though the agent is not physically
present. For example, in an experiment with children, it was
reported that children were aware of an invisible agent when
they were told in advance that the agent was in an empty room
[16]–[18]. In addition, it is known that even when adults are
presented with the image of an agent in an empty space using
AR, they behave in a way that shows they are aware of the
agent’s presence even if the agent is not present in the room
afterwards [19]. Another finding is that in a virtual reality
forest, participants who are told in advance that there are
agents of some kind in the forest are more likely to sense
the presence of a supernatural agent [20]. In other words,
by increasing the user’s belief that an agent exists through
the presentation of contextual information, it is expected that
the presence of the agent can be increased. We hypothesized
that even a single-modality device could enhance the social
facilitation effect if the user has a strong belief in the presence
of an agent in advance.

We propose a newwearable agent, ‘‘FinU (Friend inYou),’’
based on the hypothesis that it is possible, even for wearable
agents with a single sensory modality, to achieve a high level
of the social facilitation effect by establishing beliefs about
the agent in advance. Specifically, FinU aims to give the
user the impression that the agent is present on his left hand.
The FinU system consists of a desktop device that presents
the presence of the agent associated with the hand through
multiple sensorymodalities (visual, auditory, and tactile), and
a highly wearable device that presents the agent’s presence
through only one modality (tactile). In addition to the sys-
tem development, in this study, we conducted a preliminary
evaluation experiment based on the social facilitation effect
to determine whether users wearing a single modality agent
system can easily feel the presence of the agent by forming a
belief about the agent’s presence beforehand using an agent
system with multiple sensory modalities.

II. PROPOSED METHOD
A. REQUIRED SPECIFICATIONS
To develop a wearable agent with a strong presence, it is
important that the device is equipped with a function that
allows the user to form specific beliefs about the agent.
Previous research has suggested that it is possible to form
these beliefs through prior verbal instruction alone [17], [20].
However, it may be easier for users to form beliefs if they
experience the rich sensory modalities associated with the
agent while they are being taught, as this makes it is easier
to obtain specific information about what the agent looks like
or how it interacts with the user when it speaks.

However, another important point in development is that
portability must not be compromised. If too much emphasis
is placed on the representation of the agent with rich sensory
modalities, the weight of the device will increase with the
addition of components, and the convenience of the wearable
device may be compromised. To prioritize this portability,
the functionality of the device must be limited to some extent.
Therefore, it is difficult to combine the implementation of
rich sensory modalities and portability in the development of
a wearable agent.

B. REALIZATION OF AN AGENT USING TWO TYPES OF
DEVICES
We propose realizing a wearable agent that meets the required
specifications by implementing two types of devices: one
for forming strong beliefs, and the other for wearable use.
Specifically, we have two types of devices: one is capable of
presenting the agent explicitly through visual, auditory, and
tactile stimuli, and the other is a wearable device that uses
only tactile stimuli to present the agent discreetly (Fig. 1). By
allocating the development of modality richness and weara-
bility to separate devices and then using them together, it is
possible to realize an agent in which both of these important
factors are fully considered.
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FIGURE 1. Proposed method: An agent using two types of devices.

Even if the modalities of a device are limited for the sake
of portability, experiencing the other device to form beliefs in
advance is expected to expand the meanings that users recall
from even simple stimuli and to establish a high sense of agent
presence. On the other hand, even after the belief is formed,
the user and the system do not completely discontinue their
relationship, and the wearable device continues to present
stimuli as cues to the user so that the presence of the agent
in the user’s mind is sustained, and the agent is expected to
influence the user’s behavior in the long term. In other words,
these devices are not only divided according to their purpose,
but also serve to reinforce each other’s deficiencies.

III. FinU
We developed the FinU System to make the user feel as if
the agent FinU exists in his/her hand. The system consists
of two devices: the FinU-Box and the FinU-Band (Fig. 2).
The FinU-Box is a stationary device that provides visual,
auditory, and tactile stimuli so that the user experiences the
agent’s presence in their hand. The FinU-Band is a wearable
device that presents sensations through tactile stimuli only.
The devices use a different number of modalities, but both
devices represent the same agent (Table 1).

TABLE 1. Comparison of FinU-Box and FinU-Band features.

A. FinU-BOX
The FinU-Box is a box-type device with a monitor on the
top. It allows the user to experience the sensation of an
existing agent in his/her hand through the presentation of
synchronized video, audio, and tactile stimuli on the back of
the user’s hand (Fig. 3). The following steps are required to
use this device:

FIGURE 2. Configuration of FinU System.

1) The user puts his/her left hand into the device.
2) The guide and the air wedge fix the position of the hand.

When the system is activated, the screen shows the agent,
as shown in Fig. 3. The agent takes the form of an image of
the back of a human hand, with eyes and mouth drawn in.
Three solenoids were installed inside the device to generate
the tactile stimuli (Fig. 4), one corresponding to each of the
blinking of the agent’s eyes and the opening and closing of its
mouth. When the user puts his/her left hand into the device,
the tips of these movable parts touch the back of the user’s
hand.

The behavior of the agent is controlled using a PC with a
wired connection. When the system is activated, the agent’s
movements are realized through animation. The system was
developed using a game engine, Unity (Unity Technologies).
The eyes are capable of blinking and eye movement. Blinking
is achieved by quickly compressing and expanding the eye
image in the vertical direction, and the period of this operation
is 2.5 s plus a randomly determined time between −2.0 and
+2.0 s.

Eye movement is achieved by randomly changing the posi-
tion of the eye image. This behavior occurs every 4 s when
the agent is idle and not talking. The mouth opens and closes
according to the volume of the agent’s voice. When an audio
file is selected from the PC, it is played back from the speaker
of the device. The mouth moves at the same time to make it
appear as if the agent on the screen is speaking.

The solenoids are activated when the eyes or the mouth
of the agent move. The solenoid corresponding to the eye
pokes the back of the user’s hand once with the tip of its
movable part each time the agent blinks once. The tip of the
movable part of the solenoid corresponding to the mouth is
stationary in contact with the back of the user’s hand when
the mouth of the agent on the screen is closed. The movable
part of the solenoid leaves the back of the user’s hand when
the mouth is more open than 50% of the maximal opening. In
other words, when audio is played continuously, the movable
part repeatedly moves away from the back of the user’s hand.
It touches it in response to the volume, creating a tactile
stimulus likened to the agent’s mouth moving on the back of
the user’s hand.
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FIGURE 3. FinU-Box.

FIGURE 4. Components of FinU-Box.

B. FinU-BAND
The FinU-Band is a wearable device that presents only tactile
stimuli to the back of the user’s hand to induce the sensation
of an agent being present on the back of his/her hand (Fig. 5).
The user places the device on the back of the left hand and
secures it to the hand using a band. The control PC and battery
are external, wired connections. Thus, these parts need to be
worn in a bag or kept near the body.

The device uses the same solenoid as does the
FinU-Box (Fig. 6), and the tips of these movable parts touch
the back of the hand when the device is attached. When the
system is activated, the back of the hand receives tactile stim-
uli synchronized with the agent’s facial movements, although
the agent cannot be seen. Therefore, the users experiences
tactile stimuli with the same frequency and quality as the
FinU-Box, and no other type of stimuli.

IV. EVALUATION EXPERIMENT
We conducted an experiment to verify whether users perceive
the wearable device (FinU-Band) as another person more
strongly because of the FinU system. If users perceive the
FinU system as others, we should observe their behavioral
changes caused by the presence of others. In this study,
we evaluated a system based on the social facilitation effect.

FIGURE 5. FinU-Band.

FIGURE 6. Components of FinU-Band.

The social facilitation effect is a phenomenon in which the
presence of another person facilitates the efficiency or perfor-
mance of a task being done by a participant, relative to when
the participant is working alone [4]. This is considered an
automatic process because our arousal level increases owing
to the presence of others. In recent years, several studies have
reported that social facilitation is also induced by the use
of artifacts that give the impression of being living things,
such as humanoid robots or virtual agents [9], [21], [22].
Through rich interaction with the FinU-Box, the user will
gain prior knowledge about the device and its stimuli and
will then sense the agent’s actions even from the simple
stimuli of the FinU-Band. If such a phenomenon is caused
by experiencing the FinU-Box, the social facilitation effect is
expected to occur, and as a result, the performance of the task
should be improved. Therefore, in this study, we evaluated the
effectiveness of the proposed system by testing the following
hypotheses:

Participants who wear the FinU-Band after experienc-
ing the FinU-Box will more strongly experience social
facilitation than those who wear the FinU-Band without
experiencing the FinU-Box.

In addition, the impressions of the FinU-Box agent
may influence the anthropomorphic impressions of the
FinU-Band, which may in turn induce social facilitation.
Therefore, we also investigated the anthropomorphic impres-
sions of the agents by using a questionnaire to assess
the impressions of agents. The experiment was conducted
with a between-participants design where participants were
divided into an experimental group that experienced both
the FinU-Box and the FinU-Band, and a control group that
experienced only the FinU-Band. The protocol was approved
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by the Ethics Committee for Research involving Human Sub-
jects at the Graduate School of Engineering Science, Osaka
University (#R2-11).

A. PARTICIPANTS
Twenty-six participants in the experimental group (16 men
and 10 women) and 23 participants in the control group
(12 men and 11 women) participated in the experiment. Par-
ticipants were limited to Japanese speakers and recruited from
university students and neighborhood residents through SNS.
No specific debriefing was conducted after the experiment.
Some participants were not able to complete the experiment
due to system malfunctions. Therefore, the experimental
results obtained from 23 participants in the experimental
group (14 men, 9 women; mean age: 21.0 years) and 23 par-
ticipants in the control group (12 men, 11 women; mean age:
21.6 years) were used for the analysis.

B. MEASUREMENTS
1) BEHAVIORAL MEASUREMENT: CONTINUOUS
PERFORMANCE TEST (CPT)
To examine social facilitation, we used a continuous perfor-
mance test (CPT). CPT is a simple task that is used tomeasure
sustained attention (Fig. 7). A person stares at the screen
during the task and responds each time a target stimulus is
displayed. It has been reported that when this task is per-
formed in the presence of others, social facilitation induces
wakefulness and increases sensitivity to the target [23].

In this experiment, X was used as the target, and the
other 25 letters of the alphabet were used as non-targets. The
letters on the screen were presented for 0.10 second each,
followed by a 0.70-second distraction interval when nothing
was displayed on the screen. The participant had to respond
by pressing the space key once during the 0.80-second period
between the display of the target and the display of the next
stimulus. We prepared a block where we randomly sorted
9 target and 25 non-target characters and presented 34 blocks
to each participant in the task. The task execution time was
approximately 10 minutes.

2) PSYCHOLOGICAL MEASUREMENT
To investigate the influence of the impressions of the agents
experienced in the FinU-Box on the impressions of the
FinU-Band, participants were asked to respond to a semantic
differential scale questionnaire consisting of twenty-one pairs
of opposing adjectives developed to measure impressions of
agents [24], to assess whether they felt as if there was a
left-handed agent possessing them in response to the tactile
sensations of vibration presented by the FinU-Band. In the
questionnaire, the participants selected a number from 1 (the
adjective on the left is appropriate) to 7 (the adjective on
the right is appropriate), which they thought appropriately
described their impression of the agent that could be imagined
from the tactile stimuli of the FinU-Band.

FIGURE 7. Continuous performance tests.

FIGURE 8. Experimental room.

In addition, we asked the participants to describe their
impressions of the FinU-Band tactile stimuli using a 7-point
Likert scale. Specifically, they answered whether they felt
that the tactile stimuli were disturbing during the task
(1–disturbing, 7–not disturbing), whether the stimuli were
unpleasant (1–unpleasant, 7–pleasant), and whether the stim-
uli made them feel that there was a living thing on their
left hand (1–nothing, 7–felt like there was a living thing).
Finally, the participants were asked to describe the psycho-
logical closeness they felt between themselves and the device
on an IOS scale (1–relationship is distant, 7–relationship is
close) [25].

C. EXPERIMENTAL SETTING
The experiment was conducted in the environment shown
in Fig 8. The areas for experiencing the FinU-Box and
FinU-Band were separated by partitions. Each device was
covered with a cloth and hidden until just before use, so that
participants would not be able to perceive the intention of
the experiment. The participants were left alone in the room
during their experience with each device. The experimenter
controlled the devices from a separate room.

D. PROCEDURE
After they signed a consent form, the participants in the
experimental group were seated in front of the FinU-Box.
First, the experimenter explained to them that he would put
their hands in the box, and that they would interact with the
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agent for about 10 minutes. The participant’s left hand was
fixed to the FinU-Box, and because the experimenter was
waiting outside the experimental room while the participant
interacted with the agent, the participant was told to press the
call button when the conversation was over. To prevent the
participants from feeling uncomfortable due to the difference
between the position of their actual arm and the position of the
arm in the displayed image, the experimenter covered their
left arm with a black cloth and turned off the lights in the
experimental room to darken the room.

The experimenter moved to the control room and started
to operate the FinU-Box. At first, the agent on the
FinU-Box monitor was asleep and stationary, but when the
experimenter began to operate it, it woke up and started to
change its expression and generate tactile stimuli. During
the interaction, the experimenter played a synthetic voice
file in response to the participant’s speech to establish a
dialog. For example, after having the agent utter a greeting
script, the experimenter confirmed the participant’s reply to
the greeting before having the agent utter the next script. The
same dialog was used for all participants in the same order,
except for the prompting dialog used when the participant did
not respond.

The agent first introduced himself, saying that he had
existed on the participant’s hand for some time. Next,
the agent engaged in dialog to establish familiarity with
the participants. Specifically, to draw attention to the
agent’s appearance and tactile stimuli, the participants were
instructed to spend about 30 seconds thinking about their
agent’s name and to say the name out loud several times.

In addition, to give the impression that the agent was trying
to understand the participants, the agent asked them to answer
some questions, and then described their personality inferred
from the answers. However, as mentioned earlier, the content
of this description was the same for all participants. Finally,
the agent reminded the participants that it would continue to
exist in their left hand and ended the dialog by falling asleep.
After the participant pressed the call button, their left hand
was removed by the experimenter from the FinU-Box and
moved to the location of the FinU-Band. The participants in
the control group did not interact with the FinU-Box.

The participants were told that they would be presented
with a task (the CPT) on a PC placed in front of them while
a FinU-Band was attached to their left hand. As a precaution,
they were told that they should use their right hand while
working on the task, and that their left hand should be lightly
clenched and kept in position on their leg. The reason for
specifying the posture is to keep the left hand, which had the
device attached, away from the participant’s field of vision,
so that the participant could recognize the behavior of the
device only from the tactile stimuli during the task. It should
be noted that we did not provide any information about the
relationship between the FinU-Band and the FinU-Box, or the
fact that the FinU-Band was a device that represented agency.
First, the participant performed one set of CPT practice
tasks, in which seven characters were displayed in sequence.

The participants were allowed to perform two more sets if
they could not understand the task. After the practice was
completed, the experimenter had the participant wear the
FinU-Band.

Each participant in the experimental group was asked
to call the name they had given the agent when they
interacted with the FinU-Box; at the same time, the exper-
imenter pressed a switch on the remote control with-
out the participant’s seeing it, and the FinU-Band began
vibrating. The participants in the control group were
asked to say ‘‘start experiment’’ instead of calling a
name.

After the experimenter moved to the control room, the par-
ticipant began the CPT. The participant reported the end
of the task by pressing the call button. Finally, the par-
ticipant answered questionnaires about the impressions of
the FinU-Band, the impressions of the agent the par-
ticipant imagined from the tactile stimuli, and the IOS
scale.

E. ANALYSIS
1) BEHAVIORAL MEASUREMENT
We collected data on whether or not the participants correctly
pressed the key for each stimulus presented on the screen
during CPT. We counted ‘‘hit’’ instances, which mean that
the participants pressed the key when the target stimulus
was presented, ‘‘miss’’ instances, which mean that they did
not press the key when the target stimulus was presented,
‘‘false alarm’’ instances, which mean that they pressed the
key when the non-target stimulus was presented, and ‘‘correct
rejection’’ instances, which mean that the participants did not
press the key when the non-target stimulus was presented.
From these data, we calculated the sensitivity of each partic-
ipant to the target, d ′(d-prime). The higher the value of d ′,
the more accurately the target stimuli were discriminated.
To test the hypothesis that the participants in the experi-
mental group who wore the FinU-Band after experiencing
the FinU-Box would be more strongly affected by social
facilitation than the participants in the control group who
wore the FinU-Band without experiencing the FinU-Box,
we compared the d ′ of the experimental and the control
groups. We used a t-test after confirming the normality of the
data using the Shapiro–Wilk test.

2) PSYCHOLOGICAL MEASUREMENT
To investigate whether the impression of the agent affected
the strength of the social facilitation effect, we conducted a
principal component analysis on the responses to 21 pairs
of adjectival questions about the impressions of agents.
The correlation between d ′ and each principal component
score from the first component (PC1) to the fourth one
(PC4) with eigenvalues greater than 1.5, was examined.
For the results of the other questionnaires, we used the
t-test after normality was confirmed using the Shapiro-Wilk
test.
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FIGURE 9. d ′ scores in CPT (†p <.10).

V. RESULT
A. BEHAVIORAL RESULT
The d ′ of all participants was calculated and compared
with the average score in the experimental group (M=5.39,
SD=0.38), and the average score in the control group
(M=5.12, SD=0.60) (Fig. 9). We found a trend between the
two groups that approached significance (t(44) = 1.84, p =
.073, d = 0.54). The participants in the experimental group
tended to show higher performance than those in the control
group.

B. PSYCHOLOGICAL RESULTS
There was no significant difference between groups (t(44) =
0.00, p = 1.00, d = 0.00, t(44) = −0.53, p = .600, d =
−0.16, t(44) = 1.16, p = .251, d = 0.34) in the degree to
which tactile stimuli were perceived as disturbing (Experi-
mental, M = 5.13, SD = 1.91; Control, M = 5.13, SD =
1.94), uncomfortable (experimental, M = 4.00, SD = 1.31;
Control, M = 4.22, SD = 1.48), or as living things (Exper-
imental, M = 3.48, SD = 1.76; Control, M = 2.91, SD =
1.54). There was also no significant difference between the
groups in terms of the recognition of the relationship between
the participant and the device, which was investigated using
the IOS scale (Experimental,M = 2.48, SD = 1.24; Control,
M = 2.22, SD = 0.90; t(44) = 0.82, p = .419, d = 0.24).
The correlation between d’ and the scores of PC1 to PC4,

which indicate the impressions of the agent recalled from the
tactile stimuli of the FinU-Band, was examined (Table 2).
As a result, a moderate negative correlation between d’
and PC1 was confirmed only in the experimental group
(r= −0.530, p=.009) (Fig. 10). PC1 was a contributing com-
ponent in words related to affinity and agency for agent’s
impression. In other words, the social facilitation effect
tended to be stronger for participants in the experimental
group who felt less affinity with the agent.

TABLE 2. Correlation coefficient between each principal component and
d ′ (**p <.01).

FIGURE 10. Relationship between affinity and d ′ scores.

VI. DISCUSSION
A. IMPLICATION
In this study, we propose a new wearable agent, ‘‘FinU’’,
based on the hypothesis that it is possible, even for wearable
agents with a single sensory modality (tactile), to induce
social facilitation effect due to the rich sensory experience
with an agent beforehand. As a preliminary evaluation of our
proposed system, we show that prior experience interacting
with agents through the FinU-Box increases the presence of
wearable agents and improves the social facilitation effect
to some extent. Our results imply that the prior experience
of interaction with the agent may enhance the presence of a
single-modality wearable device. The hypothesis that com-
bining a device that presents a rich sensory experience with
a wearable device that presents a single sensory experience
would allow the agent’s presence to be used in a variety of
situations was supported.

Since this evaluation experiment was preliminarily
conducted, the results are not sufficient. The main result,
the difference in the strength of social facilitation among
the conditions, is only a significant trend, and we cannot
conclude that the result is a sufficiently stable. In addition,
although the correlation between the impression of the ques-
tionnaire and the strength of social facilitation is examined,
the sample size is not large enough. In future, we plan to
improve the system robustness by building upon the findings
of this preliminary evaluation.

Until now, agent design has been dominated by separate
studies of either humanlike robots, which present the agent’s
presence with multiple sensory stimuli, or wearable devices,
which create the agent’s presence inducing social facilitation
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with an only tactile stimulus. We believe that this is the first
wearable agent system that combines these two approaches.
The core idea of the proposed system is that even if an
agent is usually presented only with simple physical stimuli,
by making participants being aware of associations between
simple stimuli and rich stimuli in advance, the user’s per-
ceived meaning of the simple stimuli changes to induce social
facilitation. From our preliminary findings, we hypothesize
that the psychological mechanism by which the previous
FinU-box experience strengthens social facilitation during
FinU-band use is that the previous FinU-box experience and
the tactile stimulus presented at that time are conditioned
[26], and that the FinU-box experience conditioned by that
stimulus rises from memory during FinU-band use when
only that tactile stimulus is presented. This is also an inter-
esting psychological finding as there are only few studies
in psychology that have reported social facilitation effects
in response to mere physical tactile stimuli through prior
conditioning learning.

Interestingly, the social facilitation effect that the par-
ticipants experienced when using the wearable device was
stronger for participants who did not have an affinity impres-
sion of the agent. The reason for this may be that the exper-
iment based on the social facilitation effect carried out in
this study was a task that investigated the very primitive
effect of the presence of others. As a mechanism of social
facilitation, it is thought that the arousal state caused by the
presence of others increases task performance [7], [8]. There-
fore, it is possible that the presence of an arousal-enhancing
stranger, rather than a familiar stranger, enhances the social
facilitation effect more strongly. In a previous study, it was
reported that the social facilitation effect was stronger when
the robot that gave the participant an unfriendly impres-
sion in the prior dialog was present than when the robot
that gave a friendly impression was present [27]. Simi-
larly, in the present experiment, participants who had the
impression that an aloof agent was living on their left hand
showed higher arousal, which may have resulted in a stronger
social facilitation effect. However, the effects of the pres-
ence of others are diverse. For example, some studies have
focused on social behavioral changes, such as worrying about
one’s reputation in front of others [23]. In future, it will
be necessary to consider what kind of impression the agent
should give to the user to increase the effectiveness of the
system when the task is changed to a higher-order social
task.

The results of this study showed that there was not much
difference between the experimental and the control group in
the conscious impression of the wearable device. This may
be because the situation in which the left hand becomes an
agent is not common, and it was difficult for participants to
understand what object they should evaluate. On the other
hand, there was a difference in the effect of social facilitation,
suggesting that our device may have had an unconscious
effect on the user [28]. In the future, we will need to devise a
way to ensure the participants understand the special situation

in which their hands become agents and to measure their
impressions.

B. LIMITATION
To fully demonstrate the effectiveness of our system, there
remain some factors that need to be considered. In this exper-
iment, after using the FinU-Box, the participants performed
the task using the FinU-Band. On the other hand, previous
studies have shown that participants behave as if they are
aware of an agent when they are told in advance that the agent
is there in AR [19]. In this experiment, it is possible that only
the belief that the agent was on the left hand, formed by prior
experience, was important, and whether the tactile stimuli
from FinU-Band was really necessary is an important issue
to be examined in the future.

Furthermore, the FinU-Band continuously presented the
participant with tactile stimuli corresponding to the blink of
an eye by the agent. It is necessary to examine in more detail
how the user attached meaning to the tactile stimuli. The
participants’ reports of their reflections showed that theywere
considering the relationship between the timing of the tactile
stimuli presented by the device and the stimuli presented by
the task. In a task such as the one used in the present study,
in which it is important to be aware of the timing of decisions,
it is possible that the participants attributed more meaning to
the tactile stimuli from the device thanwas necessary, and that
this affected the results. To investigate the effect of the system
on social facilitation, it is necessary to evaluate the system in
an experimental task in which the behavior of the system is
not as directly related to the task content, such as a task in
which the timing of the operation is not important.

We focused on the left hand during the development of
our agent. As a preliminary scenario for forming beliefs,
we presented the participants with the story that the agent
was a parasite on their left hand. However, at present, it is not
possible to determine whether the participants really felt that
the agent possessed their left hand or whether they simply
changed their perception of the wearable device. Several
methods have been proposed to transform the user’s body into
an agent in order to minimize the appearance of the agent
[29], [30], and it has been suggested that this method may
increase the user’s unconscious attention to the body [31].
Therefore, to consider specific applications in the future,
it would be interesting to investigate how the user’s sense of
ownership of theor left hand changes before and after using
the system.

In future, it will be necessary to verify the effectiveness
of the system under various other conditions. For example,
in this study, we examined the effect of a one-time use
of the FinU-box on social facilitation. It is important to
examine how long the effect of such a one-time use of the
FinU-box lasts. We also suspect that alternating FinU-box
and FinU-band use over a longer period of time could make
the social facilitation effects of FinU-band more robust for
users. We plan to test this hypothesis in the future. Further-
more, in this study, only the participants wore the FinU-band
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whenwemeasured social facilitation. However, as mentioned
above. there is alternative possibility that the social facilita-
tion is actually generated only by the belief that the left hand
is an agent, which is formed by the FinU-box. In future, it is
necessary to examine the role of tactile stimuli presented by
the FinU-band in social facilitation.

VII. CONCLUSION
Although there are still many issues to be considered in our
research, it is expected that the combination of these two
different devices will enable humans to obtain positive effects
from agents in various locations. In the future, we would like
to conduct similar studies on body parts other than the hand
to determine the universality of these findings.

REFERENCES
[1] T. Shibata and K. Wada, ‘‘Robot therapy: A new approach for mental

healthcare of the elderly—A mini-review,’’ Gerontology, vol. 57, no. 4,
pp. 378–386, 2011.

[2] J. Mumm and B. Mutlu, ‘‘Designing motivational agents: The role of
praise, social comparison, and embodiment in computer feedback,’’ Com-
put. Hum. Behav., vol. 27, no. 5, pp. 1643–1650, Sep. 2011.

[3] Z. E. Warren, Z. Zheng, A. R. Swanson, E. Bekele, L. Zhang,
J. A. Crittendon, A. F. Weitlauf, and N. Sarkar, ‘‘Can robotic interaction
improve joint attention skills?’’ J. Autism Develop. Disorders, vol. 45,
no. 11, pp. 3726–3734, Nov. 2015.

[4] R. B. Zajonc, ‘‘Social facilitation,’’ Science, vol. 149, no. 3681,
pp. 269–274, Jul. 1965.

[5] T. R. Zentall and J. M. Levine, ‘‘Observational learning and social facili-
tation in the rat,’’ Science, vol. 178, no. 4066, pp. 1220–1221, Dec. 1972.

[6] S. E. Glickman, C. J. Zabel, S. I. Yoerg, M. L. Weldele, C. M. Drea, and
L. G. Frank, ‘‘Social facilitation, affiliation, and dominance in the social
life of spotted hyenas,’’ in The Integrative Neurobiology of Affiliation,
L. C. S Carter II and B. Kirkpatrick, Eds. Cambridge, MA, USA: MIT
Press, 1999, pp. 131–140.

[7] M. L. Patterson, ‘‘An arousal model of interpersonal intimacy,’’ Psychol.
Rev., vol. 83, no. 3, p. 235, 1976.

[8] C. F. Bond and L. J. Titus, ‘‘Social facilitation: A meta-analysis of 241
studies,’’ Psychol. Bull., vol. 94, no. 2, p. 265, 1983.

[9] N. Riether, F. Hegel, B.Wrede, andG.Horstmann, ‘‘Social facilitationwith
social robots?’’ in Proc. 7th ACM/IEEE Int. Conf. Hum.-Robot Interact.
(HRI), Mar. 2012, pp. 41–47.

[10] S. Woods, K. Dautenhahn, and C. Kaouri, ‘‘Is someone watching me?—
Consideration of social facilitation effects in human-robot interaction
experiments,’’ inProc. Int. Symp. Comput. Intell. Robot. Autom., Jun. 2005,
pp. 53–60.

[11] T. Kashiwabara, H. Osawa, K. Shinozawa, and M. Imai, ‘‘TEROOS: A
wearable avatar to enhance joint activities,’’ in Proc. ACM Annu. Conf.
Hum. Factors Comput. Syst. (CHI), 2012, pp. 2001–2004.

[12] D. Yamamoto, K. Oura, R. Nishimura, T. Uchiya, A. Lee, I. Takumi,
and K. Tokuda, ‘‘Voice interaction system with 3D-CG virtual agent for
stand-alone smartphones,’’ in Proc. 2nd Int. Conf. Hum.-agent Interact.,
Oct. 2014, pp. 323–330.

[13] A. Dementyev, H.-L. Kao, I. Choi, D. Ajilo, M. Xu, J. A. Paradiso,
C. Schmandt, and S. Follmer, ‘‘Rovables: Miniature on-body robots as
mobile wearables,’’ in Proc. 29th Annu. Symp. User Interface Softw. Tech-
nol., Oct. 2016, pp. 111–120.

[14] S. Nishio, H. Ishiguro, and N. Hagita, ‘‘Geminoid: Teleoperated Android
of an existing person,’’ Humanoid Robots, New Develop., vol. 14,
pp. 343–352, Jun. 2007.

[15] H. Sumioka, S. Nishio, T.Minato, R. Yamazaki, andH. Ishiguro, ‘‘Minimal
human design approach for sonzai-kan media: Investigation of a feeling of
human presence,’’ Cognit. Comput., vol. 6, no. 4, pp. 760–774, Dec. 2014.

[16] J. M. Bering and B. D. Parker, ‘‘Children’s attributions of intentions to an
invisible agent,’’ Develop. Psychol., vol. 42, no. 2, pp. 253–262, 2006.

[17] J. Piazza, J. M. Bering, and G. Ingram, ‘‘‘Princess alice is watching you’:
Children’s belief in an invisible person inhibits cheating,’’ J. Express Child
Psychol., vol. 109, no. 3, pp. 311–320, Jul. 2011.

[18] N. Shirai, L. Kondo, and T. Imura, ‘‘Effects of visual information presented
by augmented reality on children’s behavior,’’ Sci. Rep., vol. 10, no. 1,
p. 6832, Apr. 2020.

[19] M. R. Miller, H. Jun, F. Herrera, J. Y. Villa, G. Welch, and J. N. Bailenson,
‘‘Social interaction in augmented reality,’’ PLoS ONE, vol. 14, no. 5,
May 2019, Art. no. e0216290.

[20] M. Andersen, T. Pfeiffer, S. Müller, and U. Schjoedt, ‘‘Agency detection in
predictive minds: A virtual reality study,’’ Religion, Brain Behav., vol. 9,
no. 1, pp. 52–64, Jan. 2019.

[21] S. Park and R. Catrambone, ‘‘Social facilitation effects of virtual
humans,’’ Hum. Factors, J. Hum. Factors Ergonom. Soc., vol. 49, no. 6,
pp. 1054–1060, Dec. 2007.

[22] N. Liu and R. Yu, ‘‘Determining effects of virtually and physically present
co-actor in evoking social facilitation,’’ Hum. Factors Ergonom. Manuf.
Service Industries, vol. 28, no. 5, pp. 260–267, Sep. 2018.

[23] K. Izuma, K. Matsumoto, C. F. Camerer, and R. Adolphs, ‘‘Insensitivity to
social reputation in autism,’’ Proc. Nat. Acad. Sci. USA, vol. 108, no. 42,
pp. 17302–17307, Oct. 2011.

[24] H. Takahashi, M. Ban, and M. Asada, ‘‘Semantic differential scale method
can reveal multi-dimensional aspects of mind perception,’’ Frontiers Psy-
chol., vol. 7, p. 1717, Nov. 2016.

[25] A. Aron, E. Melinat, E. N. Aron, R. D. Vallone, and R. J. Bator, ‘‘The
experimental generation of interpersonal closeness: A procedure and some
preliminary findings,’’ Personality Social Psychol. Bull., vol. 23, no. 4,
pp. 363–377, Apr. 1997.

[26] L. K. Takahashi, B. R. Nakashima, H. Hong, and K.Watanabe, ‘‘The smell
of danger: A behavioral and neural analysis of predator odor-induced fear,’’
Neurosci. Biobehav. Rev., vol. 29, no. 8, pp. 1157–1167, Jan. 2005.

[27] N. Spatola et al., ‘‘Not as bad as it seems: When the presence of a
threatening humanoid robot improves human performance,’’ Sci. Robot.,
vol. 3, no. 21, 2018, Art. no. eaat5843.

[28] M. R. Banaji, K. M. Lemm, and S. J. Carpenter, ‘‘The social unconscious,’’
in Blackwell Handbook of Social Psychology: Intraindividual Processes,
2001, pp. 134–158.

[29] M. Ogata, Y. Sugiura, H. Osawa, and M. Imai, ‘‘Pygmy: A ring-shaped
robotic device that promotes the presence of an agent on human hand,’’ in
Proc. 10th Asia Pacific Conf. Comput. Hum. Interact. (APCHI), NewYork,
NY, USA, 2012 pp. 85–92.

[30] S. Hanagata and Y. Kakehi, ‘‘Paralogue: A remote conversation system
using a hand avatar which postures are controlled with electrical muscle
stimulation,’’ in Proc. 9th Augmented Human Int. Conf. (AH), New York,
NY, USA, 2018, pp. 35:1–35:3.

[31] H. Osawa and D. Nakahara, ‘‘Dear my hand: Enhancement of physi-
cal exercise by body part anthropomorphization,’’ in Proc. Companion
ACM/IEEE Int. Conf. Hum.-Robot Interact., (HRI), New York, NY, USA,
2017, pp. 243–244.

ASUKA MINAMI was born in Osaka, Japan,
in June 16, 1995. She received the M.S. degree
in engineering from Osaka University, Osaka,
in 2021. Since April 2021, she has been associ-
ated with Mitsubishi Electric Corporation, Kobe,
Japan. Her research interest includes human–agent
interaction.

HIDEYUKI TAKAHASHI received the M.E.
and Ph.D. degrees in information science from
Hokkaido University, in 2005 and 2008, respec-
tively. He is currently a Specially-AppointedAsso-
ciate Professor in engineering science with Osaka
University. Since 2020, he has been a Visiting
Researcher with the Brain Science Institute, Tam-
agawa University. His research interests include
human–robot interaction, human–agent interac-
tion, and cognitive science.

VOLUME 9, 2021 98325



A. Minami et al.: Neighbor in My Left Hand: Development and Evaluation of Integrative Agent System

YOSHIHIRO NAKATA (Member, IEEE) was born
in Osaka, Japan, in August 2, 1984. He received
the bachelor’s, master’s, and Ph.D. (Eng.) degrees
from Osaka University, Osaka, in 2008, 2010, and
2013, respectively.

He is currently an Associate Professor with
the Department of Mechanical and Intelligent
Systems Engineering, Graduate School of Infor-
matics and Engineering, The University of
Electro-Communications, Tokyo, Japan. From

April 2010 to March 2013, he was a JSPS Research Fellow (DC1) with
Osaka University. From January 2012 to September 2012, he was a Visiting
Scholar with the Georgia Institute of Technology, USA. From April 2013 to
July 2013, he was a JSPS Research Fellow (PD) with The University of
Tokyo. From August 2013 to February 2021, he was an Assistant Professor
with the Graduate School of Engineering Science, Osaka University. His
research interests include actuator technologies and physical human–robot
interaction.

Dr. Nakata is a member of the RSJ. He received the Best Paper in Session
Award from the 39th Annual Conference of the IEEE Industrial Electronics
Society, in 2013.

HIDENOBU SUMIOKA was born in Osaka,
Japan, in 1979. He received the Ph.D. degree
in engineering from Osaka University, Osaka,
in 2008. Since April 2008, he has been a Research
Fellow of the Japan Society for the Promotion of
Science (JSPS fellow, DC2). Since April 2009,
he has been a Researcher with the Artificial Intel-
ligence Laboratory, directed by Prof. Rolf Pfeifer.
Since January 2012, he has been a Researcher
with the Hiroshi Ishiguro Laboratory, Advanced

Telecommunications Research Institute International (ATR). He is currently

the Group Leader of the Presence Media Research Group, Hiroshi Ishiguro
Laboratories, ATR. His research interests include human–robot touch inter-
action, application of a social robot to elderly care, influence of social robot
in brain activity, information theory. Dr. Sumioka is a member of RSJ.

HIROSHI ISHIGURO received the D.Eng. degree
in systems engineering from Osaka University,
Japan, in 1991. Since 2009, he has been a Profes-
sor with the Department of Systems Innovation,
Graduate School of Engineering Science, Osaka
University, where he has been a Distinguished
Professor, since 2017. From 2002 to 2013, he was
a Group Leader of the Hiroshi Ishiguro Labo-
ratories, Advanced Telecommunications Research
Institute, where he has been the Visiting Director,

since 2014. From 1992 to 1994, hewas ResearchAssociate with theGraduate
School of Engineering Science, OsakaUniversity. From 1998 to 2000, hewas
an Associate Professor with the Department of Social Informatics, Kyoto
University. From 1998 to 1999, he was a Visiting Scholar with the University
of California, San Diego, USA. He was an Associate Professor, from 2000 to
2001, and a Professor, from 2001 to 2002 with the Department of Computer
and Communication Sciences, Wakayama University. From 2002 to 2009,
he was a Professor with the Department of Adaptive Machine Systems,
Graduate School of Engineering, Osaka University. His research interests
include distributed sensor systems, interactive robotics, and android science.
He is an ATR fellow.

98326 VOLUME 9, 2021


