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Abstract

:

Communication robots have been introduced in nursing care, education, and the hospitality sector. In the future, robots will be increasingly integrated into human society, with more opportunities to interact closely with humans. Therefore, investigating the symbiosis between humans and robots is critical. Touch, including actions, such as shaking hands, holding hands, and touching shoulders are common in most societies. These actions are called the social touch and are common modes of communication. Social touch not only conveys emotions and intentions but also mental and physical effects. Touch considerably influences social relationships: for example, by creating positive impressions and enabling the fulfillment of requests. Since the development of communication robots and other robots capable of physical contact, touch communication between humans and robots has been extensively studied. Although studies have revealed that touching a robot positively influences the impression regarding the robot and induces a relaxed feeling, negative perceptions related to trust on the robot have been reported. Thus, touch interactions between humans and robots are yet to be fully understood. Studies have focused on the effects of touch, such as touching the robot or being touched by the robot. Although interactions with robots that respond to touch, such as hugging behavior, have been studied, few studies have examined the psychological effects of robot responses to other types of touch such as hitting, stroking, and grasping. In this study, a humanoid robot was used to investigate how the reactive behavior exhibited by the robot in response to touch by a participant affects the degree of favorability and intellectual impression toward the robot as well as the sense of accomplishment regarding communication. Participants exhibited high favorability, feeling of relief, and willingness to continue the interaction with robots that exhibited appropriate reactions to the touch of participants. Participants exhibited a positive impression when they decided the touch gesture of the robot rather than when instructed on how to touch it. The results of this study can provide guidelines for improving the design and utilization of robots, such as therapeutic robots, that work alongside humans.
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1. Introduction


Robots have been used in educational and medical fields, stores, and even private spaces. Pepper (https://www.softbankrobotics.com/emea/en/pepper, accessed on 5 September 2022), a communication robot manufactured by Softbank Robotics, is a humanoid robot that estimates people’s emotions and communicates with them accordingly. The robot has numerous applications that can be customized satisfy a user’s requirements. Such robots can be used in several applications, such as reception work in hospitals and stores, and they can lead the exercise and rehabilitation tasks at welfare facilities. A seal-like robot PARO (https://www.ndsoft.jp/product/medical/paro/, accessed on 5 September 2022) was developed in 1993 for therapeutic purposes as an alternative to live pets and is used in places, such as hospitals and welfare facilities, in which interaction with real animals is difficult. Therapy using PARO is as effective as animal therapy, and interaction with PARO improves the mood of dementia patients and pediatric patients; furthermore, such patients can communicate with other patients through PARO [1,2]. AIBO (https://aibo.sony.jp, accessed on 5 September 2022), developed by Sony, is a dog-like pet robot that looks like a small dog. Twenty-two degrees of freedom allow the robot to move its ears and tail like a real dog. The robot has touch sensors on its head and back, which enable the robot to respond to human touch. This encourages users to touch the robot. Therefore, the robot has been used as a pet in welfare facilities. PALRO (https://palro.jp/en/, accessed on 5 September 2022), a small humanoid robot measuring approximately 40 cm in length, is equipped with acceleration, gyro, touch, and pressure sensors, and its head and limbs are fabricated using actuators. PALRO achieves high conversational ability by accumulating and learning conversational data. The robot performs recreation and reception duties as well as converses with users at a welfare facility for elderly people. Robots designed to communicate with humans are playing an active role in society. Such robots will be increasingly introduced in the future, and people will become familiarized with robots. To ensure smooth communication between humans and robots, the appearance and behavior of robots and the effects of human–robot interaction on humans should be investigated.



Various modalities of emotional expression by robots, such as changes in facial expression [3,4,5], upper body poses [6], and color changes [7] exist. These expressions are effective in communicating emotions and exhibit considerable potential in enhancing their communication with people. Humanoid robots can convey emotions in a manner similar to humans by mimicking human emotional expressions, such as facial expressions, arm movements, and posture. Researchers have attempted to communicate emotions using on-board LEDs. Plutchik [8] proposed a wheel of emotions to illustrate various emotions. In this wheel, colors on the wheel were arbitrarily assigned to different emotions. Terada et al. [7] experimented with a robot whose head was shaped like a ball illuminated in various colors and showed that it could convey emotions to participants as in the case of Plutchik’s model. Using the human ability to associate specific emotions from colors, the robot expressed emotions through the dynamic emission patterns of LEDs mounted in its eyes. Researchers have expressed the robot’s emotions by combining multiple communication modalities [9].



Numerous studies have been conducted to study the effects of robot behavior on humans. In an ultimatum game between a human and a robot, Terada and Takeuchi [10] suggested that the emotional expression conveyed through simple line drawings on the face of the robot affected the altruistic behavior of participants. De Melo et al. [11,12] conducted an experiment using an agent that imitated a human face displayed on a computer screen and reported that the agent’s emotional expressions influenced human decision making. Studies have revealed that the robot’s emotional expressions influence the impression of the robot. Jimenez et al. [13] reported that providing learning support using a robot with emotional expressions resulted in a positive impression regarding the robot. Kawahara et al. [14] and Takahashi et al. [9] proposed an emotion recognition model for robots, which revealed that emotional expressions by the robot through voice and body movements may induce altruistic behavior in participants.



Animals, including humans, engage in touch gestures as a means of communication. Shaking hands, holding hands, and touching shoulders are common behaviors and called social touch. Even with touch as the only means of communication, numerous emotions can be communicated [15,16]. Physical touch is particularly likely to be used for emotions that reinforce intimacy [17]. Various experiments have revealed that touching skin has positive physical and emotional effects. In experiments with baby monkeys, when given a cloth-covered doll and a doll made of metal wires, the baby monkeys preferred and clung to the cloth-covered doll, and the presence of this doll calmed the baby monkeys [18]. Family cuddling decreases blood pressure, even in stressful situations, and increases oxytocin levels [19]. Physical contact influences social relationships. When a server touches a customer in a restaurant, the tip given by the customer increases. This phenomenon is called the “Midas touch” after a king of Phrygia in the Greek myth who turned anything he touched into gold [20].



Studies analyzing the differences and similarities between human-to-human communication and human-to-robot communication have revealed that the personal space required by humans for their first meeting with a humanoid robot may be smaller than that required for their first interaction with another human [21]. The effects of physical contact with robots on humans were studied, and the results revealed that social touch with robots may have the same effect as social touch performed between humans. Hugging a robot positively influences the impressions of a robot [22]. Touch interaction with a robot in a stressful situation attenuates an increase in the heart rate [23]. Hand-holding experiments conducted on young children and a robot made them feel that the robot is human-like [24]. A touch from a robot in an ultimatum game revealed touch could potentially alleviate unfair actions toward robots [25]. In an interaction experiment using a large teddy bear-shaped robot, Moffuly, the interaction time increased considerably and the amount of money raised increased when the robot hugged the participant back [26]. Block et al. [22,27] developed a life-size robot that hugs people. They revealed that the physical characteristics of the robot, timing and intensity of the hug, as well as the robot’s intra-hug gestures, are critical. Although some studies have reported that physical contact with the robot can result in mental comfort, improved impression regarding the robot, and promotion of social behavior, other studies have suggested that being touched by the robot has a negative effect on the evaluation of comfort and familiarity [28].



Studies have focused on the effects of touch, such as touching the robot or being touched by the robot. Although interaction with robots that respond to touch, for example, through hugging behavior, has been studied, few studies have examined the psychological effects of the robot’s responses to other touches such as tapping, stroking, and grasping on the robot. In this study, a humanoid robot was used to investigate the effect of robot’s reactive behavior to human contact on the impression of the robot and mood of the person interacting with it.



First, the robot’s reactions to the participant’s touch were designed. The authors designed an appropriate reaction, a reaction opposite to the appropriate reaction, and no reaction. The participants touched the robot as instructed by the experimenter, and the participants experienced the robot’s reactions. The participants’ impressions of the robot were verified.



The participants also designed their touch method to convey their emotions, and the robot responded to their touch. The participants’ impressions of the robot were verified. We analyzed the location of the participant’s touch to the emotion. Participants tended to exhibit a high favorability, feeling of relief, and willingness to continue the interaction with robots that responded with appropriate reactions to their touch. This phenomenon revealed that participants had a more positive impression when they determined how to touch the robot than when they were instructed regarding the same. The results of this study can provide guidance on the improved design and utilization of robots, such as therapeutic robots, that work alongside humans.




2. Method


2.1. Experimental Environment


We investigated the effects of reactive behaviors exhibited by a small humanoid robot in response to human touch. The robot used in this study, NAO by Softbank Robotics, is equipped with touch sensors at limited positions (head, lower arms, and toes). Research has revealed that humans often touch the robot’s arms when communicating their emotions to the robot [29]. However, achieving sufficient interaction using the originally equipped touch sensors fixed on a few positions on the robot is difficult. Therefore, we constructed a Wizard of Oz (WOZ) system. In this system, an operator controlled the robot’s behavior behind a curtain and gave the appearance that the robot was responding autonomously to human physical touch. Figure 1 details the experimental environment. The experimenter and participant stood adjacent to each other, and the robot stood in front of the participant. The robot NAO is approximately 58 cm tall, weighs approximately 5.4 kg, and has joints with 25 degrees of freedom. The participants interacted with the robot according to the instructions of the experimenter. The room was partitioned with an accordion curtain, and the robot control PC and the operator were located behind the accordion curtain, which was out of sight of the participants. The operator operated the robot while watching the video camera images of the participants and the robot. The operator just followed the rules of each reaction of the robot against the participant’s social touch as described in Section 2.3. Thus, the operator cannot influence the operation of the robot by watching how the participants behave. The participants interacted with the robot and answered a questionnaire after each session.




2.2. Participants


Forty-one participants (24 men and 17 women) were recruited from the University of Fukui, Japan. The participants were students between 19 and 24 years old, ethnically Japanese, and educated in Japan. Their average age was 21.4, and the standard deviation of their ages was approximately 1.64. They volunteered to participate in the experiment. Some students had prior experience with robot interaction, whereas others did not have considerable experience.




2.3. Interaction with Humanoid Robot through Designed Social Touch


The robot’s reaction behavior in response to touch by participants was designed to investigate its effect on the participants. To evaluate the psychological impact on the participants depending on whether the robot reacts or not and the manner of the robot’s reaction, the following three robot reactions were set:




	
appropriate reaction suitable action or speech in response to human touch;



	
contradictory reaction contradictory action or speech in response to human touch;



	
no reaction no reaction to human touch.








Four actions were set for the participants: “stroking the head”, “touching the hand”, “stroking the arm”, and “grabbing the arm strongly”. These actions were introduced because they have been observed in interactions with the NAO. The “stroking the head” behavior was introduced because NAO is small and has rounded body parts, resulting in the participants finding the robot adorable, and such an appearance may likely cause the participants to be less uncomfortable when stroking its head. Other actions were limited to arms and hands because people typically prefer to touch the arms of a humanoid robot [29]. For each social touch, we designed an appropriate reaction of the robot that we considered appropriate, which was followed by a contradictory reaction and no reaction as comparisons.



The speech function in NAO may be monotonous or convey insufficient emotional expression. We prepared speeches using synthetic speech software “VOICEVOX: ShikokuMetan (https://voicevox.hiroshiba.jp, accessed on 5 September 2022)” and played them through NAO’s built-in speaker. NAO’s “Autonomous Life” function was partially activated, which allowed it to operate autonomously and made it appear animate. NAO automatically performed movements such as swaying its body from side to side and following a person’s face with its eyes. To mimic eye blinking motions, eye LEDs were lit at random intervals.



2.3.1. Design of Appropriate Reactions


The guiding principle for designing appropriate reactions was that these robot responses were necessary for establishing an appropriate relationship with the participants. The appropriate reactions when NAO received a social touch from a participant were as follows:



When a participant performed a “stroke the head” action, the robot moved its head back and forth in a small motion, spread its arms, and turned the LEDs in its eyes yellow and said, “Ehehe, I’m so happy” in Japanese. “Ehehe” is an exclamation conveying embarrassment. When the participant performed the “touching the hand” action, the robot lifted the touched hand up to its chest level, vocalized “Uhuhu, it tickles me” in Japanese, and turned on the yellow LEDs in its eyes. “Uhuhu” is an exclamation indicating a small laugh. When the participant performed the “stroking the arm” action, the robot slightly raised both arms, vocalized “Ehe” in Japanese, and turned the eye LEDs yellow. “Ehe” is also an exclamation conveying embarrassment. When the participant made a “grabbing the arm strongly” action, the robot responded by attempting to shake the arm off and turned the LEDs in its eyes red while vocalizing “Ouch” in Japanese. The design of the LED color of the eyes was based on the study of Terada et al. [7] and Plutchik’s model [8]. Table 1 details the various touching actions made by the participants, robot motion, vocalization, and eye LED color. Figure 2 details the videos of appropriate reactions of NAO to human touch.




2.3.2. Design of Contradictory Reactions


In the previous subsection, we designed the appropriate responses of the robot; in addition, for comparison, we designed a contradictory response to the appropriate reaction as the “contradictory reaction”. When the participant made a “stroking the head” action, the robot turned its face down, vocalized “I wish you would stop” in Japanese, and turned on the pink LEDs in its eyes. When the participant made a “touching the hand” action, the robot pulled its hands back, uttered “ouch” in Japanese, and turned on the red LEDs in its eyes. When the participant made a “stroking the arm” action, the robot looked down, clasped its hands in front of its chest, vocalized “I’m scared” in Japanese, and turned on the dark green LEDs in its eyes. When the participant performed a “grabbing the arm strongly” action, the robot lightly spread both arms, vocalized “I’m ticklish” in Japanese, and turned on the yellow eye LEDs. The design of the LED emission color of the eyes was based on the study by Terada et al. [7] and Plutchik’s model [8]. Table 2 details the various touching actions of the participants, the robot response, vocalization, and color of the eye LEDs for “contradictory reaction”. Figure 3 displays a few frames captured from the videos of the contradictory reactions of NAO to human touch.




2.3.3. Design of No Reaction


We additionally designed “no reaction” for comparison. In response to touch by a participant, the robot did not exhibit a response action, did not speak, and the LED light pattern was normal. At this time, the NAO function “Autonomous Life” remained partially enabled so that the robot followed the participant’s face with its eyes.





2.4. Interaction with the Humanoid Robot through Nondesigned Social Touch


In the previous section, we presented an experimental procedure in which the experimenter instructed the participants to perform one of the four designed social touches, and the robot exhibited the reactive behavior in response. This experiment helped the participants understand how to perform social touch gesture on the robot. However, in a more general human–robot interaction scenario, the participants performed social touch of their own choice on the robot to convey their emotions. Therefore, instead of instructing the participants on the manner of touch, the experimenter requested them to convey a specific emotion through a social touch. The participants were free to perform a social touch of their choice, and the robot reacted to that touch. We evaluated the psychological effect on the participants when they touched NAO with the intention of conveying a specific emotion and the response of the robot to that touch.



The three emotions that the participants conveyed to the robot were “happy”, “sad”, and “angry”. When the participant conveyed the “happy” emotion to the robot through social touch, the robot raised its arms, said “I’m ticklish” in Japanese, and turned on the yellow LEDs in its eyes. When the participant conveyed the “sad” emotion to the robot through social touch, the robot opened its arms and said “Do you want to hug me?” in Japanese, and the LEDs in its eyes turned light pink. When the participant conveyed “anger” to the robot, the robot pulled its arms and said “What’s wrong?” in Japanese, and the LEDs in its eyes turned light blue. Table 3 details the emotions conveyed by the participant to the robot, the robot’s actions, vocalization, and color of eye LEDs. Figure 4 shows frames of the videos of reactions of NAO to human touch with specified emotions.




2.5. Procedure


First, the experimenter explained the purpose and procedure of the experiment to the participants; next, the participants signed a consent form. A participant then stood in front of the NAO placed on the desk. The robot greeted the participant by saying “Hello, I am NAO. Nice to meet you” in Japanese. The experimenter stood next to the participant and instructed on how to touch NAO; then, the participant received the instructions for the four types of touches under the categories of appropriate reaction, contradictory reaction, and no reaction.



Three sessions were conducted with NAO, in which an appropriate reaction/contradictory reaction/no reaction in each session was conducted, and the order of these sessions was randomly determined. In each session, the participant performed four patterns of touch under the direction of the experimenter: “stroking the head”, “touching the hand”, “stroking the arm”, and “grabbing the arm strongly”. The order of the touch patterns was randomly selected by the experimenter. The participants answered a questionnaire after each session. The questionnaire was common to all sessions. Finally, the participants answered a summary questionnaire.



Next, an experiment was conducted for the session “Interaction with humanoid robot through nondesigned social touch” described in Section 2.4. The experimenter requested the participant to convey one of the emotions “happy”, “sad”, or “angry” in random order. The participant performed a social touch of own choice on the robot to convey the emotion instructed by the experimenter, and the robot responded to it. The participant answered a questionnaire after each social touch and the robot’s subsequent response.




2.6. Analysis


2.6.1. Common Questionnaire after Each Session


Participant impressions regarding the humanoid robot were recorded after each session. Nine seven-point semantic differential scales were used:




	
Dislike (1)–Like (7)



	
Estranged (1)–Friendly (7);



	
Unkind (1)–Kind (7);



	
Awkward (1)–Natural (7);



	
Machine-like (1)–Human-like (7);



	
Non-self-aware (1)–Self-aware (7);



	
Unrefined movement (1)–Sophisticated movement (7);



	
Foolish (1)–Clever (7);



	
Unreliable (1)–Trustworthy (7).








The feelings of the participants were recorded after each session. Two seven-point semantic differential scales were used:




	
I felt anxious (1)–I felt relieved (7);



	
I felt restless (1)–I felt relaxed (7).








The participants also answered a questionnaire to clarify if their emotions were conveyed to the robot. A seven-point semantic differential scale was used:




	
Do not agree at all (1)–Completely agree (7).








The questionnaire also asked the participant if the robot understood the emotions. A seven-point semantic differential scale was used:




	
Do not agree at all (1)–Completely agree (7).








In addition, the questionnaire asked if the participant would like to see the robot again.



	
Do not agree at all (1)–Completely agree (7).






Finally, a free-text field was provided.



After the session “Interaction with humanoid robot through nondesigned social touch” described in Section 2.4, the participants answered the same questionnaires again.



The proposed questionnaire used seven-point semantic differential scales. A nonparametric statistical test is suitable because they are ordinal scales. The data were pairwise. Differences in treatments were detected across multiple test attempts. The Friedman test was used for the aforementioned reasons. Multiple comparisons using Scheffe’s method were used to determine which differences between levels are significant.




2.6.2. Survey Questionnaire after All Sessions with Interaction with the Humanoid Robot through Designed Social Touch


After the three sessions with interaction with NAO through designed social touch, the participants answered the following summary questionnaire. The experimenter asked the participants to rank from first to third the appropriate session for each of the following items.



	
I liked the robot.



	
The robot was friendly.



	
It was a natural interaction.



	
I was surprised.



	
I was nervous.



	
I want to touch the robot again.



	
I want to see the robot again.






Finally, the participants were asked to fill a free-text field.




2.6.3. Place and Manner of Touch


For each of the three specified emotions in the session “Interaction through nondesigned social touch”, the experimenter recorded the part of NAO touched by the participant and the type of touch. A video camera was located at the side of the NAO and participant, as displayed in Figure 1. The video camera’s frame rate and resolution are 30 fps and 1920 × 1080, respectively. The session was recorded by the video camera. After the session, the experimenter reviewed the recorded video and recorded the position and manner of participants’ touch. When one participant touched a certain part of the robot in a specific manner, it was counted as one touch, and the percentage of specific touches to a certain part was calculated for each emotion by sex.



A flowchart of the experiment and analysis is displayed in Figure A1.





2.7. Ethics


This experiment was reviewed and approved by the ethics committee for human participants, Department of Human and Artificial Intelligent Systems, Graduate School of Engineering, University of Fukui, No. H2020001.





3. Results


3.1. Questionnaire Responses after Each Session


A Friedman test was performed using the results of the responses to the common questionnaire. Scheffe’s paired comparisons were made between sessions in which the robot responded differently.



The total results of the questionnaire responses after each session are displayed in Figure 5, Figure 6, Figure 7 and Figure 8. Figure 5, Figure 6 and Figure 7 show the responses to the questions related to the degree of liking toward the robot, robot’s humanity and intelligence, and degree of relaxation of the participants, respectively. Figure 8 displays the responses to the questions related to the impression of interaction sessions.



Significant differences between “appropriate reaction” and “contradictory reaction” were observed for “dislike–like” (p < 0.01), “estranged–friendly” (p < 0.01), “unkind–kind” (p < 0.01), “awkward–natural” (p < 0.01), “unreliable–trustworthy” (p < 0.01), “I felt anxious–I felt relieved” (p < 0.01), “I felt restless–I felt relaxed” (p < 0.01), “emotions were conveyed or not” (p < 0.01), “robot understood my emotions” (p < 0.01), and “I want to see the robot again” (p < 0.01).



Significant differences between “contradictory reaction” and “no reaction” were observed for “machine-like–human-like” (p < 0.01), “non-self-aware–self-aware” (p < 0.01), “unrefined movement–sophisticated movement” (p < 0.01), and “foolish–clever” (p < 0.01).



Significant differences between “appropriate reaction–no reaction” were observed for all items (p < 0.01).



The results of the summary questionnaire conducted after the three sessions are displayed in Figure 9.



For the responses “I like the robot”, “The robot was friendly”, “It was a natural interaction”, “I want to touch the robot again”, and “I want to see the robot again”, many participants selected “appropriate reaction” in the first place, “contradictory reaction” in the second place, and “no reaction” in the third place. For the item “I was surprised”, many participants selected “contradictory reaction” in the first place, “appropriate reaction” in the second place, and “no reaction” in the third place. For the item “I was nervous”, the participants selected “no reaction” in the first place, “contradictory reaction” in the second place, and “appropriate reaction” in the third place.



The results of the common questionnaire presented after the session “Interaction with humanoid robot through nondesigned social touch experiment” are displayed in Figure 5, Figure 6, Figure 7 and Figure 8.



For all items, the robot received higher scores, that is, more positive evaluations than in the previous session, when it showed appropriate, contradictory, and no reactions. The significant differences from the appropriate reactions were for “unrefined movement–sophisticated movement” (p < 0.01), “foolish–clever” (p < 0.01), and “robot understood the emotions” (p < 0.01). The significant differences from the contradictory reactions were for all items except “without ego–with ego”. The significant differences from “no reaction” were for all items (p < 0.01).




3.2. Analysis of Touched Area and Manner of Touch


The results of the touched area and manner of touch in the session “Interaction through nondesigned touch” are presented in Table 4. Because of the mishandling of video data, the data could not be collected for one participant. Therefore, we analyzed the data for 40 participants.





4. Discussion


4.1. Results of Participant’s Responses to Questionnaire after Each Session of Designed Social Touch


First, Figure 5, Figure 6 and Figure 7 are used to describe the overall trend. For the designed social touch sessions, the robot’s overall scores in the questionnaire were higher for the appropriate reactions. Thus, the robot’s appropriate reaction to the social touch made it easier for the participants to be positively impressed by the robot and to relax. This result is consistent with the results of a previous study [22,27]. The contradictory reactions had the second highest scores throughout the survey, while the scores of the contradictory reactions competed with those of the appropriate reactions for some items. Although some scores of “no reaction” were slightly higher than that of the contradictory reactions for some items, the overall scores of “no reaction” were low.



The items that exhibited significant differences between appropriate and contradictory reactions were those that evaluated the degree of liking toward the robot (Figure 5) and degree of relaxation of the participants (Figure 7). The items that exhibited no significant difference were “machine-like–human-like”, “non-self-aware–self-aware”, “unrefined movement–sophisticated movement”, and “foolish–clever”, which were items that evaluated the robot’s humanity and intelligence (Figure 6). These results revealed that the participants’ perception of the robot’s animal qualities did not change considerably when the robot exhibited appropriate and contradictory reactions. The fact that the robot clearly asserted itself in response to the participant’s touch with a contradictory reaction such as “I wish you would stop” and “I’m scared” may have led to the perception that the robot is a self-aware entity.



The items that exhibited significant differences with   p < 0.01   between the appropriate and contradictory reactions were those that evaluated the degree of liking toward the robot (Figure 5), degree of relaxation of the participants (Figure 7), and the item “I want to see the robot again” (Figure 8). This result could be attributed to the fact that NAO responded to three of the four touch patterns for the appropriate reactions in a pleasing manner. The participants also felt more comfortable with the response of the robot, and this led to their willingness to continue the interaction. Furthermore, the participants rated the robot significantly higher when it responded appropriately, indicating that their emotions were conveyed to the robot and the robot understood them (Figure 8).



In the experiment, the participants were given instructions on how to touch the robot, but specific intentions or emotions for the touch were not included in the instructions from the experimenter. Figure 8 reveals that the majority of the responses for both “emotions were conveyed to the robot” and “the robot understood the emotions” of the contradictory reactions were below the midpoint of the scale (4 points), indicating that the overall perception of the participants regarding the robot was that it did not understand the participants’ emotions. The participants expected some response from the robot even when they followed the instructions and performed the intended social touch.



Thus, the participants expect that the robot will respond positively if they make a positive social touch such as stroking its head, touching its hand, or stroking its arm, and that the robot will respond negatively if they make a negative social touch such as holding its arm tightly as the appropriate reactions were designed. Conversely, the contradictory reaction is considered a disappointment to the participant’s expectations.



Significant differences were observed between contradictory and no reactions for items related to the robot’s humanity and intelligence (Figure 6), whereas no significant differences were observed between the appropriate and contradictory reactions. This result, which indicated that the robot’s display of reactive behavior has a strong influence on the participants’ perception of the robot’s humanity and intelligence, is consistent with the results of a previous study [30]. Significant differences of   p < 0.01   were also observed for “my emotions were conveyed to NAO” and “NAO understood my emotions” (Figure 8) because the robot did not exhibit any reaction and the participants could not determine whether the robot understood their emotions or not.



A significant difference was observed between appropriate and no reactions for all items. “Appropriate reactions” was scored significantly higher for the intelligence-related items because of the nature of the robot’s response. It was considered to have increased likability and generated a feeling of relief toward the robot.




4.2. Summary Survey Questionnaire Results


From Figure 9, many participants selected “appropriate reaction” as the top reaction for the items “I liked the robot”, “The robot was friendly”, “It was a natural interaction”, “I want to touch the robot again”, and “I want to see the robot again”. This result was consistent with the tendency of the participants to achieve higher scores to the appropriate responses for the items related to likability, friendliness (Figure 5), and willingness to continue the interaction (Figure 8) in the common questionnaire. A participant stated in the free-text field of the questionnaire for the contradictory reactions that “I felt like a type of person with a lot of personal space, which made me feel familiar," suggesting that some participants might have found the contradictory reactions favorable.



“Contradictory reactions” was the most frequently chosen response for “I was surprised”. As in the common questionnaire, the contradictory responses of the robot tended to surprise people more than the appropriate reactions and no reactions.



In the “I was nervous” response, “no reaction” tended to be selected first. The no reaction of NAO may have prevented participants from feeling relaxed because they were unsure if their social touch was appropriate. Thus, the robot’s appropriate reaction might have eased the participants’ nervousness.




4.3. Analysis of Open-Ended Statements after Designed Social Touch Sessions


Regarding appropriate reactions, many participants, both men and women, wrote “friendly”, “human-like”, and “relieved”. The primary responses to contradictory reactions were “I got anxious”, “I felt sad”, and “I felt scared”. Some participants described feeling anxious or fearful when NAO responded in an unexpected manner, whereas other participants described feeling guilty or sad when NAO reacted in a manner that made them feel rejected. Regarding “no reaction”, many participants answered “I got anxious” or “I didn’t know what to do”. They described that they felt anxious because of the lack of response and did not know how to react. Several participants commented “The robot and I were eye-to-eye” because the face-following function of the robot was enabled by the experimenter.



These statements are consistent with the results of the common questionnaire, indicating that the designed reactive behavior was correctly perceived by the participants as intended. However, in the free-text response in the questionnaire for contradictory reactions, a participant responded, “I felt like a person with a large personal space, and I was familiar with the robot”. Furthermore, in the summary questionnaire, the participant also responded that the contradictory reaction was the most favorable and friendly. The contradictory reaction did not always create a negative impression.




4.4. Results of Questionnaire Responses after Interaction through Nondesigned Social Touch


Figure 5, Figure 6, Figure 7 and Figure 8 reveal that overall, the results of the questionnaire after “interaction through nondesigned social touch” exhibited higher scores than any of the reactions to “interaction through designed social touch”. Significant differences were observed for all items for contradictory reactions. All items were significantly different from each other for no reaction (p < 0.01). As in the case of “interaction through designed social touch”, NAO exhibited reasonable response behavior to the touch, which may have been evaluated more positively than contradictory reaction or no reaction. Notably, there were significant differences between the results of “interaction through designed social touch” and appropriate reaction for some items, with p < 0.05. In the appropriate reaction, the robot responded negatively when the participants performed the action “grabbing the arm strongly”, whereas it responded positively in all other cases. Not only the difference in terms of positive or negative response but also the verbalization of the response caused the difference in the evaluation.



Because no significant differences were observed between the results of “interaction through nondesigned social touch” and “appropriate reactions” for “dislike–like” and “estranged–friendly” (Figure 5), the difference in NAO’s response behavior to simple touch and emotional touch could not affect the likability or friendliness of the responses.



Significant differences were observed between the results of “interaction through nondesigned social touch” and the appropriate responses for the “foolish–clever” item (Figure 6). For “interaction through nondesigned social touch”, NAO did not merely express its impression of the social touch but, as mentioned above, it responded by asking appropriate questions to the participants. NAO’s words and actions enhanced its intellectual impression.



The scores for “unrefined movement–sophisticated movement” (Figure 6) were also significantly higher than those for interaction through designed social touch. The NAO’s motions for “stroking the head” and “touching the hand” under appropriate reactions were designed by the experimenter. All of NAO’s motions in “interaction through nondesigned social touch” used motions provided by NAO’s SDK. These motions appeared to occur more smoothly.



The scores for “interaction through nondesigned social touch” with regard to human-like and intellectual impressions (Figure 6) were significantly higher than in previous sessions. In “interaction through nondesigned social touch”, the touch had the intention of conveying a specific emotion. Rather than a purposeless touch or a purposeful touch that was not unified across the participants, performing a touch with the purpose of conveying an emotion and observing NAO’s response behavior was more strongly perceived by the participants as having accomplished its purpose; that is, the participants guessed that NAO correctly inferred the intent of the touch, and they were more likely to respond that “my emotions were conveyed to the robot” and “the robot understood my emotions” (Figure 8).




4.5. Analysis of Place and Manner of Touch


Table 4 details that there were differences between male and female participants in terms of the parts of the robot they touched and the manner in which they touched the robot. The head of the robot was the most frequently touched by men to convey the emotion “happy”. Furthermore, stroking the robot’s head was the most common method of communicating emotion. Women touched the robot’s hands most frequently, and they selected various touching methods such as stroking, grasping, and shaking; the head and arms were the next most frequently touched parts.



Both men and women expressed “sadness” by touching various parts of the body, including the head, shoulders, arms, and hands. Men often held the robot’s hand. They tried to convey their emotions to the robot with slow movements, such as stroking the head, stroking the shoulder, and touching the hand. Women also touched the robot in a calm manner by stroking its head, arm, or hand.



Men often expressed their anger with a strong force, such as grabbing the arms and hitting the head, whereas some participants preferred to perform mild actions such as patting the hands, arms, and shoulders. Men as well as women selected movements such as grasping the arm and hitting the head. Some participants used slow movements such as the stroking of hands. Only the female participants chose “poking” as a method of touching.



Most male participants touched the robot only once, and only one touched multiple parts. A greater number of female participants touched the robot multiple times more than the male participants, and four participants contacted various parts of the robot in one touch or they performed a single touch in various methods. Female participants also showed greater variation in touching the robot than male participants. Poking, grabbing the robot’s hand, and shaking the hand were behaviors exhibited only by female participants.



This result is similar to that of a previous study [29], which revealed that when emotions were to be communicated by simply touching NAO, the participants preferred to touch the hand or arm. This phenomenon is true for the expression of “anger”, which is conveyed by touching with a strong force, and “happy” and “sad” emotions conveyed by stroking. Furthermore, women were more likely to show “happy” emotions by shaking the NAO. However, in the present study, the head tended to be the most frequently selected site to be touched to convey the “happy” and “sad” emotions because the participants were instructed to “stroke the head” during the “interaction through designed touch” experiment, and they retained this action in their minds for touching the robot. Comparison with the results of the previous study [29] conducted in Sweden revealed that cultural differences between Japan and Sweden led to differences in the results of the emotional touch.




4.6. Consideration of Open-Ended Statement after Nondesigned Social Touch Session


Many participants described that their emotions were accurately conveyed to NAO or that NAO understood the conveyed emotions. Other participants commented “I felt the communication was very natural” and “the session was the most communicative”. Thus, the robot’s responses appropriately indicated that it understood the participants’ emotions, thus demonstrating that this experiment achieved a high level of emotional communication.





5. Conclusions


In this study, experiments on human–robot touch interaction were conducted to investigate the effects of the robot’s response behavior to human social touch on the robot. First, through “Interaction through designed social touch”, we investigated the psychological effects on the participants according to the presence or absence of the robot’s reaction and whether the robot’s reaction was appropriate or contradictory. Three types of robot response behaviors were set, namely appropriate, contradictory, and no reactions. The participants’ actions were set as “stroking the head”, “touching the hand”, “stroking the arm”, and “grabbing the arm strongly”, and the robot exhibited appropriate, contradictory, or no reaction to each touch. Participants rated their impressions of the appropriate responses of the robots and their own mental states in a questionnaire. The appropriate reactions of the robot tended to gain high likability and generated a feeling of relief and desire to continue the interaction. The contradictory response of the robot tended to be less favorable, and it made the participants feel anxious and upset. However, the scores of the items related to intellectual impression tended to be high, and no significant difference was observed in the participant response for the contradictory reactions and appropriate reactions. Moreover, no reaction was negatively evaluated for all items.



Next, we conducted an “Interaction through nondesigned social touch” session in which the participants were asked to touch the robot to a specific emotion. The robot was designed to respond to touches that conveyed an emotion. The robot responded in a sympathetic manner when the participant tried to convey the “happy” emotion, and queried them when they conveyed “sad” or “angry” emotions. Using the same questionnaire as in the previous experiment, the participants evaluated their impressions of the robot and their own mental state. By comparing the results of the questionnaires, the “Interaction through nondesigned social touch” session, in which the participants tried to convey an emotion through social touch, was found to be associated with a greater feeling of relief, more intelligent impression of the robot, greater willingness to continue interacting with the robot, and higher degree of communication achievement. The participants had a more positive impression of the robot when they performed a social touch of their own choice on the robot rather than when they were instructed on how to touch the robot.



Analysis of the part of the robot touched by the participants and the type of touch revealed that male participants stroked the robot’s head more often, whereas female participants stroked or held the robot’s hand more often when conveying the “happy” emotion. When conveying the “sad” emotion, both male and female participants touched the robot’s hand more often, and they mostly made slow movements, such as stroking, touching, or holding the robot’s hand. To convey anger, the participants made forceful movements, such as grabbing the arm or hand strongly. Male participants touched the robot only once, whereas some female participants touched the robot several times or touched various parts of the robot’s body to convey a particular emotion. Only female participants grabbed the robot’s arms and hands and swung them.



In the future, the robot’s reactive behavior should be autonomous, and the interactions that convey other emotion should be analyzed. The robot used in this study was not equipped with touch sensors over the entire body. Therefore, the robot could not respond autonomously when touched in areas not covered by sensors, and a person controlled the robot behind the scenes, making it appear to the participants as if the robot was responding autonomously. Because people touched various parts of the robot, the robot should be equipped with touch sensors all over its body to realize autonomous free-touch interaction between people and the robot. It is also necessary to investigate how to touch the robot to convey emotions other than the three emotions presented to the participants, such as “fun” and “fear”, and identify the responses that have psychological effects.



As we mentioned in Section 4.5, the participants in the last session of the interaction through nondesigned social touch could have retained the instructed actions in the previous sessions of interaction through designed social touch. The participants might believe that they had a limited variety of actions to the robot. The experiment design for the nondesigned social touch should be reconsidered to eliminate unwanted influences. The experiment of the interaction through nondesigned social touch can be conducted independently with other participants.



In this study, a small humanoid robot was used to investigate how the responses of the robot to the human social touch affect the impression of the robot on the participants. The appearance of the robot may considerably affect the impressions of the robot on people. Subsequent studies will be conducted on other types of robots.
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Figure A1. Flowchart of the experiment and analysis. 
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Figure 1. Experimental environment. 






Figure 1. Experimental environment.
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Figure 2. Frames from videos of appropriate reactions of NAO to human touch. (a) Case: stroking the head; (b) Case: touching the hand; (c) Case: stroking the arm; (d) Case: grabbing the arm strongly. 
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Figure 3. Frames from videos of contradictory reactions of NAO to human touch. (a) Case: stroking the head; (b) Case: touching the hand; (c) Case: stroking the arm; (d) Case: grabbing the arm strongly. 
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Figure 4. Frames from videos of reactions of NAO to human touch with emotions. (a) Reaction to “Happy” emotion; (b) Reaction to “Sad” emotion; (c) Reaction to “Angry” emotion. 
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Figure 5. Results of questionnaire responses after each session (1/4): degree of liking toward the robot. 
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Figure 6. Results of questionnaire responses after each session (2/4): robot’s humanity and intelligence. 
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Figure 7. Results of questionnaire responses after each session (3/4): degree of relaxation of the participants. 
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Figure 8. Results of questionnaire responses after each session (4/4): impressions of the sessions. 
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Figure 9. Results of summary questionnaire conducted after three sessions. 
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Table 1. Appropriate reactions of NAO to human touch.
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	Participant’s Touching Action
	NAO Response
	Utterance
	LED Color





	stroking the head
	small back-and-forth movements of the head and spreading of arms
	“Ehehe, I’m so happy.”
	yellow



	touching the hand
	lifts the touched hand up to chest level
	“Uhuhu, it tickles me.”
	yellow



	stroking the arm
	slightly raises both arms
	“Ehe.”
	yellow



	grabbing the arm strongly
	attempts to shake the arm off
	“Ouch!”
	red
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Table 2. Contradictory response of NAO to each touching action.
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	Participant’s Touching Action
	NAO Response
	Utterance
	LED Color





	stroking the head
	turns its face down
	“I wish you would stop.”
	pink



	touching the hand
	pulls its hands back
	“Ouch!”
	red



	stroking the arm
	looks down, clasps its hands in front of its chest
	“I’m scared.”
	dark green



	grabbing the arm strongly
	lightly spreads both arms
	“I’m ticklish.”
	yellow
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Table 3. Responses of NAO to emotions conveyed through participant’s social touch.
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	Emotion Conveyed by the Participant
	NAO Response
	Utterance
	LED Color





	Happy
	raises its arms
	“I’m ticklish”
	yellow



	Sad
	opens its arms
	“Do you want to hug me?”
	light pink



	Angry
	pulls its arms
	“What’s wrong?”
	light blue
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Table 4. Analysis of participant’s touch.
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Body Part

	
Touch Type

	
Emotion




	
Happy

	
Sad

	
Anger




	
Male

	
Female

	
Male

	
Female

	
Male

	
Female






	
head

	
stroke

	
0.42

	
0.17

	
0.12

	
0.15

	
0.05

	
0.00




	

	
touch

	
0.04

	
0.00

	
0.03

	
0.05

	
0.00

	
0.00




	

	
grab

	
0.00

	
0.00

	
0.00

	
0.05

	
0.02

	
0.00




	

	
hit

	
0.00

	
0.00

	
0.00

	
0.00

	
0.07

	
0.14




	
arm

	
stroke

	
0.00

	
0.13

	
0.12

	
0.05

	
0.05

	
0.00




	

	
touch

	
0.00

	
0.00

	
0.03

	
0.15

	
0.00

	
0.00




	

	
grab

	
0.08

	
0.00

	
0.00

	
0.00

	
0.24

	
0.18




	

	
hit

	
0.04

	
0.03

	
0.00

	
0.00

	
0.07

	
0.07




	

	
poke

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.04




	

	
swing

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.03




	
hand

	
stroke

	
0.00

	
0.27

	
0.12

	
0.15

	
0.05

	
0.14




	

	
touch

	
0.00

	
0.03

	
0.03

	
0.15

	
0.00

	
0.00




	

	
grab

	
0.27

	
0.27

	
0.21

	
0.15

	
0.14

	
0.14




	

	
hit

	
0.00

	
0.00

	
0.00

	
0.00

	
0.07

	
0.03




	

	
swing

	
0.00

	
0.09

	
0.00

	
0.00

	
0.00

	
0.00




	
shoulder

	
stroke

	
0.08

	
0.03

	
0.17

	
0.00

	
0.05

	
0.00




	

	
touch

	
0.04

	
0.00

	
0.04

	
0.05

	
0.00

	
0.00




	

	
grab

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.04




	

	
hit

	
0.00

	
0.00

	
0.00

	
0.00

	
0.07

	
0.11




	

	
poke

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.04




	
torso

	
stroke

	
0.04

	
0.03

	
0.12

	
0.00

	
0.08

	
0.00




	

	
touch

	
0.00

	
0.00

	
0.03

	
0.05

	
0.00

	
0.00




	

	
hit

	
0.00

	
0.00

	
0.00

	
0.00

	
0.07

	
0.00




	
face

	
hold

	
0.00

	
0.00

	
0.03

	
0.00

	
0.00

	
0.00




	
tiptoe

	
touch

	
0.00

	
0.00

	
0.00

	
0.05

	
0.00

	
0.00




	

	
hit

	
0.00

	
0.00

	
0.00

	
0.00

	
0.00

	
0.03
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