
Biological Psychology 175 (2022) 108451

Available online 2 November 2022
0301-0511/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Being watched by a humanoid robot and a human: Effects on affect-related 
psychophysiological responses☆ 

Helena Kiilavuori a, Mikko J. Peltola a,b, Veikko Sariola c, Jari K. Hietanen a,* 

a Human Information Processing Laboratory, Faculty of Social Sciences, Tampere University, FI -33014, Finland 
b Tampere Institute for Advanced Study, Tampere University, Finland 
c Faculty of Medicine and Health Technology, Tampere University, Korkeakoulunkatu 3, FI - 33720, Finland   

A R T I C L E  I N F O   

Keywords: 
Electroencephalography 
Electromyography 
Mutual gaze 
Social robot 
Skin conductance 

A B S T R A C T   

Eye contact with a humanoid robot has been shown to evoke similar affect and affiliation related psychophys
iological responses as eye contact with another human. In this pre-registered study, we investigated whether 
these effects are dependent on the experience of being “watched”. Psychophysiological responses (SCR, zygo
matic and corrugator facial EMG, frontal EEG asymmetry) to a humanoid robot’s or a human model’s direct vs. 
averted gaze were measured while manipulating the participants’ belief of whether the robot/human model 
could see them or not. The results showed greater autonomic arousal responses and facial responses related to 
positive affect both to the robot’s and the human model’s direct vs. averted gaze, regardless of the belief con
dition. The belief condition influenced the overall magnitude of these responses to both stimulus models, 
however, to a lesser extent for the robot than for the human model. For the frontal EEG asymmetry, the effect of 
gaze direction was non-significant in both belief conditions. The results lend further support for the importance 
of eye contact in human-robot interaction and provide insights into people’s implicit attributions of humanoid 
robots’ mental capacities.   

1. Introduction 

Previous research on human-robot interaction (HRI) has shown that 
interacting with a humanoid robot may activate similar socio-cognitive 
processes as interacting with another human. For instance, perceiving a 
humanoid robot’s motor actions has been shown to evoke similar motor 
resonance in human observers as observed in human-human interaction, 
including (putative) mirror neuron system activity, motor interference 
effects, and spontaneous mimicry of the observed actions (for a review, 
see Wykowska, Chaminade, & Cheng, 2016). Robots have also been 
found to induce joint attention, one of the most fundamental processes 
of social cognition (Kompatsiari, Bossi, & Wykowska, 2021; Kompat
siari, Ciardo, De Tommaso, & Wykowska, 2019; Wykowska et al., 2016). 
In the study of Kompatsiari et al. (2021), a physically embodied hu
manoid robot (iCub) was shown to induce standard gaze-cuing effects 
evidenced both at the behavioral and neural level measurements. 

Among humans, one of the most powerful social signals is another 
individual’s gaze directed towards the self. Perceiving another 

individual’s direct gaze (eye contact) indicates that this person’s 
attention is directed at the self, and it is usually perceived as a positive 
social signal and an initiative for interindividual interaction (for a re
view, see Kleinke, 1986). Perceiving another’s direct gaze has various 
effects on several cognitive and affective processes, including attention, 
memory, pro-social behavior, self-awareness, and positively valenced 
affective reactions (for reviews, see; Conty, George, & Hietanen; 2016; 
Hadders-Algra, 2021; Hietanen, 2018; Senju & Johnson, 2009). 

Interestingly, recent studies in HRI have provided evidence that 
perceiving direct gaze of a humanoid robot may evoke similar effects as 
that of another human. To date, the majority of these studies have 
focused on the attentional effects of a humanoid robot’s direct gaze. Two 
eye-tracking studies exploring the effect of humanoid robots’ gaze di
rection on participants’ fixation patterns showed that the more the robot 
looked at the participants the more the participants fixated to the robot’s 
face (Kompatsiari et al., 2019; Xu, Zhang, & Yu, 2016). Studies 
employing brain activity measurements have also provided evidence for 
the attentional effects of humanoid robots’ direct gaze (Belklaid, 
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Kompatsiari, De Tommaso, Zablith, & Wykowska, 2021; Kompatsiari 
et al., 2021). For instance, one EEG study investigated the effect of a 
humanoid robot’s gaze (direct vs. averted) on the participants’ neural 
activity and decision making during a strategic game with the robot 
(Belklaid et al., 2021). The results showed that the participants 
responded with longer decision times and greater power in electroen
cephalographic (EEG) alpha-band activity when the robot established 
eye contact before the decision as compared to when the robot avoided 
eye contact before the decision. The researchers suggested that eye 
contact with the robot increased the need to suppress the distraction to 
irrelevant information (the robot’s gaze), which resulted in delayed 
decisions during the game (Belklaid et al., 2021). Taken together, these 
findings imply that a humanoid robot’s direct gaze may have similar 
attention-capturing effects as direct gaze of another human. 

To date, less is known about the affect-related effects of a humanoid 
robot’s direct gaze. Previous studies have provided evidence that eye 
contact established by a humanoid robot may induce positive subjective 
evaluations, such as perceived friendliness, animacy, and anthropo
morphism, of the robot (Kühnlenz, Wang, & Kühnlenz, 2017; Shiomi, 
Nakagawa, & Hagita, 2013; Yonezawa, Yamazoe, Utsumi, & Abe, 2007). 
Some studies have shown that making eye contact with a robot induces 
increased self-reported feelings of engagement towards the robot 
(Kompatsiari et al., 2021, 2019). Even though these studies have pro
vided important information on how eye contact affects the subjective 
attitudes towards robots, they have not been able to reveal the auto
matic, non-controlled reactions to these agents. In natural social inter
action, mechanisms of social cognition are often subconscious and, 
therefore, not accessible by explicit measurements (Evans & Stanovich, 
2013). 

To specifically investigate the automatic, implicit affective effects of 
eye contact in HRI, we recently compared both affect-related and 
attentional psychophysiological responses to direct vs. averted gaze of a 
humanoid robot (NAO) and of another human (Kiilavuori, Sariola, 
Peltola, & Hietanen, 2021). Participants’ skin conductance responses 
(SCR) indexing autonomic arousal, facial electromyographic (EMG) 
activity reflecting positively valenced affective responses, and heart rate 
deceleration responses reflecting attention allocation were measured in 
response to a (live) humanoid robot’s or a human partner’s direct vs. 
averted gaze. The results showed a similar pattern of responses to the 
robot’s and the human model’s direct vs. averted gaze: all these re
sponses were greater in response to direct versus averted gaze, with both 
the robot as well as the human partner. For the skin conductance and 
facial zygomatic responses, however, the effect of gaze direction was 
greater for the human partner as compared to the robot. We suggested 
that the human partner’s greater effect of gaze direction could reflect 
greater social relevance being ascribed to another human’s vs. a hu
manoid robot’s gaze (Kiilavuori et al., 2021). 

Previous studies investigating human-human eye contact have 
shown that the effects of another’s direct gaze seem to be evoked only in 
certain circumstances – only when the observer believes to be seen by the 
gazer. Several studies have demonstrated that another person’s direct 
gaze elicits enhanced psychophysiological responses only when facing a 
real, physically present person, but not when perceiving a mere picture 
(Donovan & Leavitt, 1980; Hietanen, Leppänen, Peltola, Linna-aho, & 
Ruuhiala, 2008; Pönkänen, Alhoniemi, Leppänen, & Hietanen, 2011) or 
a pre-recorded video of a human face (Hietanen, Peltola, & Hietanen, 
2020; Lyyra, Myllyneva, & Hietanen, 2018; Prinsen & Alaerts, 2019). 
The effect of being seen was directly shown in a study where partici
pants’ autonomic and brain responses to direct vs. averted gaze of a live 
human model were measured while manipulating the participants’ 
belief of whether the human model was able to see them or not (Myl
lyneva & Hietanen, 2015). In one condition, the participant and the 
human model were able to see each other normally through a voltage 
sensitive liquid crystal window (LC-window), whereas in the other 
condition, the participant was led to believe that the vision from the 
model person’s side of the window was blocked with an alleged one-way 

window. The results showed that eye contact elicited enhanced auto
nomic (skin conductance and heart rate deceleration) and brain (frontal 
P3 event-related potential) responses only in the condition where the 
participant knew that the model person could see them, but not when 
the vision from the model person’s side was believed to be blocked. 
Further evidence for the effect of being seen came from a recent study 
where autonomic responses to another’s direct vs. averted gaze were 
measured in live interaction, in a bidirectional video call, and during 
watching a mere video (Hietanen et al., 2020). Direct gaze was found to 
elicit increased autonomic arousal in live interaction and bidirectional 
video call but not when the participants were watching a mere video of 
another’s face. 

Considering that the experience of being seen seems to be an 
important requirement underlying the psychophysiological effects of 
eye contact, how is it possible that similar effects are evoked when 
making eye contact with a humanoid robot, a mere machine whose 
behavior follow preprogrammed scripts? The results by Kiilavuori et al. 
(2021) suggest that despite humanoid robots’ artificiality, their direct 
gaze maybe intuitively perceived as a social signal indicating that the 
robot is looking at the observer (Kiilavuori et al., 2021). Ascribing such 
agency to a robot could, in turn, be an indication of people’s tendency to 
ascribe mental states to robots (Gray, Gray, & Wegner, 2007). Indeed, 
previous studies in HRI have provided evidence that people tend to 
perceive humanlike characters, sometimes even mind, in robots (Airenti, 
2015; De Graaf & Malle, 2019; Gazzola, Rizzolatti, Wicker, & Keysers, & 
2007; Krach et al., 2008; Oberman, McCleery, Ramachandran, & Pineda, 
2007; Thellman, Silvervarg, & Ziemke, 2017). 

In the present study, we wanted to directly investigate whether the 
observers’ experience of the state of a humanoid robot’s “mind”, spe
cifically, the experience of the robot watching the observer, has an 
impact on the psychophysiological responses to the robot’s direct and 
averted gaze. To this end, we measured participants’ affect-related 
psychophysiological responses to a humanoid robot’s or a human 
model’s direct vs. averted gaze presented through a voltage sensitive LC 
window while manipulating the participants’ belief of being seen or not 
by the robot/human model. The responses were measured in two kinds 
of conditions: in one condition, the participant knew that the robot (or 
the human model) could see them through the LC window (Belief of 
Being Watched condition, BW), whereas in the other condition, the 
participant was made to believe that “a one-sided window” was inserted 
onto the robot’s side of the LC window so that the robot (or the human 
model) could not see them (Belief of not Being Watched condition, 
BnW). In reality, the “one-sided window” was only a sheet of transparent 
plexiglass and did not block the vision from the robot’s side. A similar 
procedure has been used in previous studies from our laboratory (Myl
lyneva & Hietanen, 2015; Hietanen, Kylliäinen, & Peltola, 2019). 

Participants’ psychophysiological responses to different gaze condi
tions were investigated by measuring autonomic arousal (skin conduc
tance) (Critchley, 2002), and facial electromyography (EMG) from the 
muscles zygomaticus major and corrugator supercilii. Facial EMG has been 
used to measure automatic emotional responses (Cacioppo, Petty, Losch, 
& Kim, 1986; Dimberg, Thunberg, & Elmehed, 2000), although they 
may also reflect communication of social motives, i.e. automatized so
cial responses signaling affiliative intentions (Fridlund, 1991; Parkin
son, 2005). Furthermore, we also measured relative hemispheric 
asymmetry derived from the frontal alpha frequency band EEG activity 
associated with approach-withdrawal motivational tendencies (Har
mon-Jones, Gable, & Peterson, 2010). Earlier studies have found rela
tively greater left than right frontal brain activity associated with 
positive affect and approach motivation in response to another in
dividual’s direct vs. averted gaze (Hietanen et al., 2008; Pönkänen, 
Peltola, & Hietanen, 2011; Soriano, Daniels, Prinsen, & Alaerts, 2020; 
Uusberg, Allik, & Hietanen, 2015). To the best of the authors’ knowl
edge, only one study has investigated frontal EEG asymmetry in 
response to eye contact with a humanoid robot (iCub) (Kompatsiari 
et al., 2021). In this study, eye contact with the robot was not found to 
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induce significant differences in the activity between the left and right 
hemispheres (Kompatsiari et al., 2021). 

In the present study, the participants were divided into two experi
mental groups. In one group, the stimulus was a humanoid robot 
(human-robot group) and, in the other group, the stimulus was a human 
model (human-human group). We chose a between-subject design for 
the manipulation of the stimulus model to eliminate the potential 
transfer effects across the stimulus conditions due to participants 
repeatedly comparing the conditions with each other. In addition, to 
protect the quality of the data, we wanted to avoid the experiment 
becoming too long. A within-subject design would have doubled the 
number of trials and this, in turn, would have increased the risk for 
strong habituation effects, especially on SCRs (Boucsein, 2012), and the 
participants becoming increasingly inattentive in the course of the 
experiment. 

According to preregistered hypotheses (see https://osf.io/htyu9/? 
view_only=05ac7270191b489382dfe27e4caed3bb), we expected 
similar pattern of responses to the humanoid robot’s and the human 
model’s gaze stimuli in each measure. That is, we expect greater auto
nomic arousal (SCR) and greater facial EMG activity associated with an 
affective/affiliative response (enhanced activation of the zygomaticus 
major muscle and enhanced relaxation of the corrugator supercilii muscle) 
in response to direct vs. averted gaze of the humanoid robot as well as of 
the human model. Furthermore, despite the somewhat inconsistent 
earlier findings regarding the effect of gaze direction on the frontal EEG 
asymmetry, we also expected greater relative left-sided frontal alpha 
band EEG activity reflecting approach motivation in response to direct 
vs. averted gaze both for the robot and for the human model. Impor
tantly, for autonomic arousal and frontal EEG asymmetry, we expected 
the effects of gaze direction only in the condition where the participants 
know that they can be seen by the robot/human model (BW-condition). 
This finding would indicate that direct gaze induces these responses only 
when it is accompanied by the experience of being seen by the robot/ 
human model. For the facial EMG responses, however, previous studies 
have indicated that the facial reactions may not be sensitive to this type 
of top-down influence (Hietanen et al., 2018, 2019, 2020). Thus, for the 
EMG responses, we expected the effect of gaze direction regardless of 
BW vs. BnW condition. 

2. Methods 

2.1. Participants 

We gathered data from 100 participants recruited from students and 
staff members of Tampere University and Tampere University of Applied 
Sciences. According to an A priori analysis performed with G*Power 3 
software (Faul, Erdfelder, Lang, & Buchner, 2007) (1–β = .80, α = .05), 
this sample size exceeds the required sample size (n = 62) for finding 
medium size interaction effects (η2

p = 0.06) between factors in a 2 × 2 ×
2 mixed ANOVA. This test is crucial for determining whether responses 
to the direct vs. averted gaze differ between any of the conditions. The 
participants were assigned in either of the two experimental groups: 
human-robot group or human-human group. The participants were 
required to not have any neurological or psychiatric diagnosis. Partici
pants who reported severe neurological or psychiatric symptoms were 
also excluded from the final analyses. Some participants were excluded 
from the final sample due to a technical or other error occurring during 
the data collection session (e.g. recording error, participant’s extensive 
movement during the session, error of the model person’s gaze behavior 
during the trials). Furthermore, the participants in the human-robot 
group who reported having extensive previous experience with NAO 
robot or robotics, in general, were excluded from the final analyses. 
After the above-mentioned exclusions, the sample consisted of 82 par
ticipants (nrobot = 40; 29 females and 11 males; mean age = 29.43, SD =
12.30; nhuman = 42; 32 females and 10 males; mean age = 30.55, SD =
11.23). All participants gave a written, informed consent, and received 

either course credits or movie tickets for their participation. Ethical 
statement for the experiment was obtained from the Ethics Committee of 
the Tampere Region. 

2.2. Stimuli 

One male and one female, previously unknown to the participants, 
served as stimulus persons (models) in the human-human group. The 
model’s and the participant’s gender was matched. This was done to 
control for the potential gender-related effects (e.g. Argyle & Dean, 
1965; Pönkänen et al., 2011). The models bore a neutral expression and 
kept their face as motionless as possible throughout the experiment. 
When necessary, eye blinks were allowed to occur. The models were 
instructed to maintain a slight muscle tonus in the lower part of the face 
in order not to look sullen or fatigued. Depending on the trial, the 
models had their head and gaze either straight ahead or averted 65◦ to 
the left or right (see Fig. 1). When averting their head and gaze 
side-ways (gaze always pointing to the direction of the nose), the models 
were instructed to turn their heads but not their shoulders. The stimulus 
in the human-robot group was a humanoid robot NAO by SoftBank 
Robotics. The behavior of the robot was programmed with Choregraphe 
software (SoftBank Robotics). As in the human-human group, the robot 
had its head and gaze either straight ahead or averted to the left or right. 
When the robot’s head and gaze was rotated 65◦ to the left or right, the 
participant could only see a part of the “pupil” of the robot’s left or right 
eye (see Fig. 1). This ensured that the difference between the robot’s 
direct and averted gaze was as clear as possible. The robot’s eye LEDs 
were programmed to blink every third second in order to make an 
impression of eye blinking. Because the stimuli were always presented 
for 3000 ms, the blink occurred once during each stimulus-presentation 
period. During the stimulus presentation, the models and the robot were 
static except for occasional blinks. 

Fig. 1. An illustration of the direct and averted gaze for a human model and the 
NAO robot. 

H. Kiilavuori et al.                                                                                                                                                                                                                              

https://osf.io/htyu9/?view_only=05ac7270191b489382dfe27e4caed3bb
https://osf.io/htyu9/?view_only=05ac7270191b489382dfe27e4caed3bb


Biological Psychology 175 (2022) 108451

4

2.3. Experimental procedure 

The experiment was conducted in four separate blocks: two for the 
Belief of Being Watched condition where the participant knew that the 
partner (robot/human) could see them through the transparent shutter 
(BW condition) and two for the Belief of not Being Watched condition 
where the participant was misled to believe that the partner could not 
see them (BnW condition). The BW and BnW blocks were presented 
alternately, and the starting order of the blocks was counterbalanced. 
Between each block, there was a short pause during which the partici
pant was told which condition (BW or BnW) was going to be presented 
next. Each experiment was led by two experimenters, the leading and 
the assisting experimenter. In the beginning of the experiment, the ex
perimenters introduced themselves and informed the participant that 
the purpose of the study was to measure physiological responses during 
a simple interaction situation. The placement of the electrodes was 
performed after the instructions had been given. 

The participants were informed that the experiment would consist of 
four separate and two kinds of blocks (BW/BnW) which they would 
carry out with a partner (NAO/[name of the model person]). The partner 
would be seated on the other side of the LC window. For the BW blocks, 
it was instructed that the LC window would alternate between trans
parent and opaque states. During the transparent periods, the partici
pant and the partner would be able to see each other. The participant 
was instructed to simply look at the partner while the window was 
transparent and to remain focused on the window when it was opaque. 
The experimenters demonstrated the functioning of the LC window for 
which the assisting experimenter got seated on the partner’s side of the 
window. 

For the BnW blocks, the participants were told that the blocks would 
be otherwise similar to the BW blocks, but this time the vision from the 
partner’s side of the window would be blocked by inserting “a silver- 
covered one-way window” onto the partner’s side of the LC window. 
Thus, only the participant would see the partner during the transparent 
periods, but the partner would not be able to see them. However, 
similarly to the BW block, the participant’s task would be to look at the 
partner each time the window turns transparent. To demonstrate the 
function of the “one-way window”, the assisting experimenter slid an 
extra sheet with a thin black frame onto their side of the LC window. In 
reality, the “one-sided window” was only a sheet of plexiglass trans
parent from both sides. When the sheet had been placed onto the win
dow and the participant saw that they could still see the assisting 
experiment through the window, the participant was taken to the other 
side of the window to show them the “one-sided window” from that side. 
During the walk, the assisting experimenter quickly slid another sheet 
with an opaque, silver-colored surface on top of the previously placed 
(transparent) sheet to demonstrate that it was impossible to see through 
the window from that side. When the participant returned to their own 
side, the assisting experimenter quickly removed the opaque sheet from 
the top of the transparent sheet so that the window was transparent 
again when the participant reached the other side. This procedure has 
been used and described, in detail, also in our previous studies (Hietanen 
et al., 2019; Myllyneva & Hietanen, 2015). 

After the instructions, the partner was introduced to the participant. 
In the human-human group, the human model entered the laboratory 
and greeted the participant after which they got seated on the other side 
of the LC window. In the human-robot group, the experimenter opened 
the curtains behind which NAO was hidden during the instructions. The 
robot stood up autonomously, introduced itself by saying [in Finnish] 
“hi, my name is NAO“ and performed some human-like gestures, such as 
nodding and some arm and hand movements. The participant was asked 
to move their body from left to right to notice that NAO was able to 
follow the participant’s movements by turning its head. Then the as
sistant experimenter placed NAO on the other side of the LC window. 

Before starting the experimental trials, it was confirmed that the 
participant felt that their eyes were at the same level with the human 

model’s/NAO’s eyes. In the human-human group, either the partici
pant’s or the human model’s seat was adjusted (if necessary) to obtain 
the same level of eyes. In the human-robot group, the experimenter 
“asked” NAO to adjust its gaze/head towards the participant after which 
the robot started to perform some head movements (initiated by the 
assistant experimenter who was standing behind the curtains) as if it was 
searching for the right head position. After the movements, if still 
necessary, the participant’s seat was adjusted to obtain the level of 
NAO’s eyes. 

On each trial, the shutter became transparent for 3000 ms, during 
which the human model/robot looked either directly at or away (right or 
left) from the participant. The order of the trials/gaze directions was 
randomized and delivered by E-Prime 2.0 (Psychology Software Tools, 
Pittsburgh, PA). The instructions for the human model’s gaze directions 
were presented on a monitor hidden from the participants’ view. The 
robot’s gaze direction was controlled by the experimenter via a laptop. 
The experimenter monitored the participant’s skin conductance level 
on-line and initiated the next trial when the skin conductance level had 
returned to the baseline level, however, not before at least 10 s had 
passed from the shutter turning opaque. In each block, 6 trials were 
collected for both gaze directions (direct gaze: 6; averted gaze: 3 left/3 
right). Thus, altogether 12 trials were collected for both gaze directions 
in both BW and BnW conditions. During each pause between the ses
sions, the LC window was opened so that the participant could see how 
the “half-silvered one-way window” was either inserted to or removed 
from the partner’s side of the window. Both experimenters sat behind 
curtains during the experimental trials so that the participants could not 
see them. 

After the experimental trials, the participants completed brief ques
tionnaires regarding their subjective affective feelings in response to 
different gaze directions in both belief conditions. In order to help the 
participants recall their feelings in each condition, the shutter was 
opened six times for 3000 ms to show the three different gaze directions 
in both conditions. The order of the gaze direction presentations was 
counterbalanced. After each stimulus presentation, the participants 
evaluated their own feelings of affective valence and arousal on a 9- 
point Self-Assessment Manikin (SAM, see Bradley & Lang, 1994) scales 
(1 = unpleasant/calm, 9 = pleasant/arousing). In addition, the partici
pants were asked to evaluate whether they felt the human model/robot 
was looking at them or not. The purpose of this task was to confirm that 
the participants felt that the robot and the human model were looking at 
them when their gaze/head was direct. The participants were asked to 
answer to a single statement on a 9-point scale: “The model/robot 
looked directly at me” (1 = totally disagree, 9 = totally agree). For each 
gaze direction presentation, the participants were instructed to first 
evaluate the subjective affective feelings and then the gaze direction. 

At the very end of the experiment, to find out possible suspicions 
regarding the “one-way window” deceit, the participants were first 
asked whether they felt that the knowledge of the partner’s possibility to 
see through the window affected them in some way during the experi
mental trials. After that, the participants were directly asked whether 
they had any suspicions about the experiment or whether they felt that 
the experimenters left something unsaid during the instructions. 

2.4. Acquisition of the physiological data 

For SCR measurements, participants were asked to wash their hands 
without soap before entering the laboratory. The SCR was measured 
with two electrodes (Ag/AgCl) filled with isotonic paste and attached to 
the palmar surface of the distal phalanxes of the index and middle fin
gers of the participant’s left hand. EMG was used to measure facial 
muscle activity over Zygomaticus major and Corrugator supercilii muscle 
regions. The skin over the recording sites was rubbed with alcohol. 
Electrode paste (Signa gel) was injected to bipolar 4-mm Ag/AgCl 
electrodes (BioMed Electrodes) which were then attached over the 
recorded muscle sites according to the placement guidelines by Fridlund 
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and Cacioppo (1986). To disguise the purpose of the facial EMG elec
trodes, the participants were told that the facial sensors were attached 
for measuring skin temperature. Continuous EEG was recorded from 64 
electrode sites using active Ag–AgCl electrodes (actiCAP, Brain Prod
ucts, GmbH, Munich, Germany). Horizontal (HEOG) and vertical 
(VEOG) eye movements were monitored bipolarly from the sites beside 
the outer canthi of each eye (HEOG) and above and below the left eye 
(VEOG). Electrode paste was used to reduce the electrode impedances 
below 30 kΩ. All electrodes were referenced to the common average. 
The signals were amplified by a QuickAmp amplifier and continuously 
recorded with BrainVision Recorder software (Brain Products GmbH, 
Munich, Germany) at a sampling rate of 1000 Hz. 

2.5. Analysis of the physiological data 

The plan for the analysis of the physiological data is reported in the 
preregistration of the study. Deviations from the preregistered analysis 
plan are reported in the final section of the Methods. 

Skin conductance. The SCR data were re-sampled offline to 100 Hz 
and filtered with a 10-Hz low pass filter using BrainVision Analyzer 2.1 
software. A response was defined as the maximum skin conductance 
change within a time frame of 900–6500 ms after stimulus onset. To 
calculate the maximum change, the lowest skin conductance was 
detected within 900–3500 ms after stimulus onset and subtracted from 
the largest skin conductance value detected within 900–6500 ms after 
stimulus onset (Sjouwerman & Lonsdorf, 2019). In a case of two peaks 
within one response, only the first one was taken into account. The trial 
was coded as a zero response if the maximum amplitude change was less 
than 0.01 μS. Trials with no amplitude rise (of at least 0.01 μS) until the 
first 3500 ms after stimulus onset were coded as zero responses as well. 
If there was an amplitude rise of 0.01 μS or more during the first 900 ms 
after stimulus onset, the trial was rejected. One participant in the 
human-human group was excluded entirely from the subsequent ana
lyses because more than 50 % of the trials were rejected due to the afore 
mentioned criteria in at least one of the conditions. Thus, for the SCRs, 
the final sample consisted of 41 participants for the human-human 
group and 40 participants for the human-robot group. The data from 
accepted trials (the overall mean number of accepted trials/condition: 
10.9) were averaged in each condition for each participant, including 
trials with zero responses. Including zero responses into the calculations 
results in a measure that combines response size and response frequency 
(i.e., magnitude of the skin conductance responses; Dawson, Schell, & 
Filion, 2000). Because the SCRs were not normally distributed, a 
Log10-transformation was performed to normalize the SCR data (Lg10 
(SCR+1)). 

Facial muscle activity. EMG activity was quantified for 6 time in
tervals, each lasting 500 ms. The signal was filtered offline with a 
28–249 Hz bandpass filter (BrainVision Analyzer 2.1). The EMG signal 
around each experimental trial was visually inspected for artifacts due to 
excessive muscle movements and blinks. The inspection of the signal 
was performed individually for both investigated muscle regions, inde
pendently from each other. For corrugator responses, one participant 
was excluded from the human-robot group due to more than 50 % of the 
trials being rejected in at least one of the conditions (nhuman:: 42; nrobot: 
39). For the final analyses, the signal was rectified and segmented into 
500-ms epochs from 500 ms prior to stimulus onset (baseline) to 
3000 ms post-stimulus. Within each participant, condition, and time 
epoch, the signal was averaged across all accepted trials (the overall 
mean number of accepted trials/condition for Zygomaticus major: 11.8; 
and for Corrugator supercilia: 11.8). After that, these values were stan
dardized within participant and within muscle region to reduce the in
fluence of extreme values. Finally, the muscle response was calculated as 
change scores by subtracting the baseline muscle activity (the average of 
the activity during the 500-ms pre-stimulus period) from each 500-ms 
post-stimulus average value within each experimental condition. 

Electroencephalography. Offline, the continuous EEG signal was 

filtered with 0.5–30 Hz band-pass filter (infinite impulse response filter) 
with a 24 dB/oct slope on both ends (BrainVision Analyzer 2.1). The 
filtered signal was ocular-corrected using a Gratton/Coles algorithm. 
After the ocular correction, automatic raw data inspection was per
formed to detect bad channels, in typical cases resulting from a consis
tently noisy signal or flat signal due to faulty electrodes. The criteria for 
the automatic raw data inspection were the same as the criteria used in 
the artifact rejection for segmented data (described below). Based on the 
automatic inspection, bad channels with less than 50 % artifact-free 
signal as well as channels with flat signal were interpolated with 
spherical spline interpolation. Also channels with more than 50 % of 
artifact-free signal were interpolated if the minimum of three (out of six) 
accepted trials per gaze direction (direct/averted) in each of the four 
blocks could be achieved. When the minimum of three accepted trials 
per gaze direction was achieved, no more channels were interpolated. 
Maximum of 6 interpolated channels were allowed, otherwise the 
participant was excluded from the subsequent analyses. EEG during the 
3.5-s period after stimulus onset was segmented to six 1000 ms epochs 
with 50 % overlap between adjacent epochs. Artifact rejection was 
applied to the segmented data using automatic segment selection. The 
following criteria was used: (1) Maximal allowed voltage step: 50 μV/ 
ms; (2) Maximal allowed absolute difference: 150 μV/1000 ms; (3) 
Minimal allowed amplitude: − 75 μV, Maximal allowed amplitude: 75 
μV; (4) Lowest allowed activity in 100-ms intervals: 0.5 μV. Trials with 
less than 50 % artifact-free epochs were excluded from the averaging. In 
principle, if the minimum of three accepted trials per both gaze di
rections per each block could not be achieved, the participant was 
excluded from the subsequent analyses. However, in cases where the 
entire first or second half of the experiment (e.g. both the first BW and 
the first BnW block) were rejected, but the entire other half of the 
experiment remained accepted, the participant was not excluded from 
the final analyses. Due to the afore-mentioned exclusion criteria, 2 
participants in the human-human group and 4 participants in the 
human-robot group were excluded from the final analyses. After these 
exclusions, 40 participants remained in the human-human group and 36 
participants in the the human-robot group. After artifact rejection, CSD 
transformation was applied to the data (m = 3, λ = 10− 5) (Kayser & 
Tenke, 2015). Spectral power was calculated for each artifact-free epoch 
using Fast Fourier Transform (FFT) with a 50 % Hanning window. The 
power spectra obtained was averaged over all artifact-free epochs within 
each experimental condition (the overall mean number of accepted 
trials/condition: 11.6). For the average power spectra within each 
condition, power values (μV2/m2) within the alpha band (8–13 Hz) were 
calculated and natural log-transformed to normalize the distributions. 
Asymmetry score was calculated for electrode pair (F4/F3) at the frontal 
scalp region by subtracting the ln-transformed power value for the left 
hemisphere electrode site from that for the right site (Allen, Coan, & 
Nazarian, 2004). To detect relative asymmetry differences, asymmetry 
scores were calculated also for pairs F8/F7 and Af4/Af3 (frontal), C4/C3 
(central), and P4/P3 (parietal). 

2.6. Statistical analyses 

The main statistical analyses were conducted using a 2(Stimulus) × 2 
(Gaze) × 2(Belief) mixed ANOVA with Stimulus as a between-subjects 
variable and Gaze and Belief as within-subjects variables. When in
teractions between the factors were observed, planned pairwise com
parisons were performed for the analysis of simple main effects. When 
exploratory (unplanned) t-tests were performed, α levels were 
Bonferroni-corrected for multiple comparisons. When considered rele
vant, non-significant results were further explored with an equivalence 
test, i.e., the Two One-Sided Tests (TOST) procedure. For the TOST 
procedures, the α levels were Bonferroni-corrected by the number of 
TOST procedures performed for a given variable. For the EMG analyses, 
time was included as a third within-subjects factor (6 epochs, each 
lasting 500 ms). A Greenhouse-Geisser correction procedure was 
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applied when the assumption of sphericity was violated. Because in
teractions between Time and other independent variables were not of 
our main research interest (no specific hypotheses were drawn upon 
them), these interactions and subsequent pairwise comparisons are re
ported in Supplementary material. Also, additional analyses due to vi
olations of test assumptions were performed for some of the dependent 
variables. For conciseness, the additional analyses are reported in Sup
plementary material as well. 

The primary statistical analyses were performed on the entire sample 
of 82 participants including those participants who expressed doubts 
regarding the one-way window deceit during the final debriefing. In 
cases where the primary analysis did not show a significant main effect 
of Belief nor an interaction between Belief and other variables, a sec
ondary analysis was performed including only the participants who did 
not express such doubts (number of participants expressing these 
doubts: human-robot group: 2; human-human group: 8). This was done to 
confirm that the lack of the effects of Belief was not associated with the 
doubts of the deceit. 

2.7. Deviations from the preregistered data analysis plan 

In the preregistration (see https://osf.io/htyu9/?view_
only=05ac7270191b489382dfe27e4caed3bb), it was stated that the 
primary statistical analyses will be performed without the participants 
who expressed doubts of the one-way window deceit, and that second
ary analyses will be performed having these participants included in the 
data. However, as reported in Statistical analyses, the participants 
expressing these doubts were included in the primary statistical ana
lyses. The original plan of excluding these participants was motivated by 
the reasoning that if the participants expressing doubts of the deceit 
were included, this could have decreased the possibility to find the effect 
of Belief. However, as the analyses showed the effect of Belief even if 
these participants were included, and the inclusion vs. exclusion had no 
effect on this result, we decided to include these participants in the 
primary analyses. 

With regard to the analysis of the EEG data, it was reported that 
channels with less than 50 % artifact-free signal as well as channels with 
flat signal would be interpolated. As reported in the section Analysis of 
the physiological data, also channels with more than 50 % of artifact-free 
signal were interpolated if the minimum of three accepted trials per gaze 
direction in each of the four blocks could be achieved. Furthermore, 
contrary to the EEG data analysis plan reported in the preregistration, 
the EEG data was re-referenced offline using a reference-free CSD 
(current source density) transformation (Kayser & Tenke, 2015). Recent 
guidelines for the frontal asymmetry measurements and analyses 
recommend CSD transformation because it may offer better specificity 
for local electrical sources and reduce the influence of non-frontal vol
ume conduction on the frontal asymmetry scores as compared to other, 
commonly used references, such as linked mastoid or common average 
reference (Smith, Reznik, Stewart, & Allen, 2017). 

Finally, it was reported that, as an exploratory EEG analysis, general 
alpha-band activity during the presentation of the different gaze con
ditions will be investigated and compared. However, we decided to not 
include this analysis in the present study. 

3. Results 

As a manipulation check, subjective gaze direction ratings were 
analyzed with Wilcoxon Signed Ranks Tests to test whether the partic
ipants discriminated between the robot’s and the human model’s direct 
and averted gaze both in the BW and BnW conditions. Non-parametric 
tests were chosen due to the non-linearity of the scale/data. The re
sults showed that participants agreed more to the statement (“The 
model/robot looked directly at me”) when both the robot’s and the 
human model’s gaze was directed at them as compared when the gaze 
was averted, and this was observed both in the BW and BnW conditions 

(Robot/BW: Mdirect = 8.50, Maverted = 2.40 Z = − 5.467, p < .001; 
Robot/BnW: Mdirect = 7.63, Maverted = 2.30, Z = − 5.234, p < .001; 
Human/BW: Mdirect = 8.79, Maverted = 1.05, Z = − 6.087, p < .001: 
Human/BnW: Mdirect = 7.52, Maverted = 1.12, Z = − 5.649, p < .001. 

3.1. Skin conductance responses 

The results of the skin conductance measurements are shown in  
Fig. 2. The SCR data were analyzed with a 2(Stimulus) × 2(Gaze) × 2 
(Belief) mixed ANOVA. The ANOVA indicated a significant main effect 
of Gaze (F(1,79) = 30.739, p = <.001, η2

p = 0.280), indicating that SCRs 
were greater for direct (M = 0.147 μS, SEM = 0.016) than for averted 
gaze (M = 0.108 μS, SEM = 0.012). Also the main effect of Belief was 
significant (F(1,79) = 14.962, p = <.001, η2

p = 0.159). The SCRs were 
overall greater in the BW condition (M = 0.148 μS, SEM = 0.015) than in 
the BnW condition (M = 0.107 μS, SEM = 0.014). There was also sig
nificant interaction between Gaze and Stimulus (F(1,69) = 5.551, 
p = .021, η2

p = 0.066). The pairwise comparisons, performed separately 
for the robot and the human-human group, showed that the SCR was 
greater to direct than averted gaze both for the human model (Mdirect =

0.162, SEM = 0.024 vs. Maverted = 0.107, SEM = 0.017; t(40) = 4.797, 
p < .001, d = 0.749), and for the robot (Mdirect = 0.132, SEM = 0.019 vs. 
Maverted = 0.109, SEM = 0.018; t(39) = 2.852, p = .007, d = 0.451). In
dependent samples t-tests (α level adjusted for multiple comparisons) 
showed no significant differences between the responses to the human 
model’s vs. the robot’s direct gaze (t(79) = 0.996, p = .322, d = 0.221), 
nor between the responses to their averted gaze (t(79) = − 0.082, 
p = .935, d = − 0.018). Therefore, the significant interaction between 
the Gaze and Stimulus indicated that the magnitude of the gaze direction 
effect (direct gaze minus averted gaze) on SCRs was greater in the 
human-human group (M = 0.055, SEM = 0.011) than in the human- 
robot group (M = 0.022, SEM = 0.008). 

The interaction between Gaze and Belief was not significant (F(1,79) 
= 0.342, p = .560, η2

p = 0.004), whereas the interaction between Stim
ulus and Belief was marginal (F(1,79) = 3.915, p = .051, η2

p = 0.047). 
However, a visual inspection of the data indicated that the effect of 
Belief was smaller in the human-robot group than in the human-human 
group. Therefore, to test for the equivalence of the effect of Belief within 
both stimulus groups, a Two One-sided Test (TOST) procedure (with 
adjusted α level) was performed (Lakens, 2017). The equivalence 
bounds were set as dz = + 0.45. According to a sensitivity analysis 
performed with G*Power (1–β = .80, α = .05) this was the smallest ef
fect size (dz) that could be detected in the human-robot group. For the 
human-human group, a paired t-test showed a significant difference 
between BW and BnW conditions (t(40) = 3.92, p < .001). For the 
human-robot group, the difference between these conditions was 
non-significant (t(39) = 1.43, p = .162). The equivalence test showed 
that the effect of Belief in the human-robot group was significantly 
within the lower bound of dz = - 0.45 (t(39) = 4.59, p < .001), but not 
within the upper bound of dz = 0.45 (t(39) = − 1.74, p = .045). In 
conclusion, the effect of Belief in the human-robot group was not sta
tistically different from zero nor statistically equivalent to zero. Thus, we 
are not able to draw a strong conclusion on whether Belief had a 
meaningful effect on the SCRs in the human-robot group. 

To confirm that the undetermined effect of Belief, in the human- 
robot group, was not associated with the participants’ doubts of the 
one-way deceit, a secondary TOST procedure was performed on the SCR 
data including only the participants who did not express these doubts. 
Based on the sensitivity analysis performed for the human-robot group, 
the equivalence bounds were set as dz = + 0.47. The secondary TOST 
indicated a similar pattern of results as the primary TOST: there was a 
significant difference between the BW and BnW conditions in the 
human-human group, (t(32) = 3.32, p = .002), but not in the human- 
robot group (t(37) = 1.47, p = .151). According to the equivalence test, 
the effect of Belief in the human-robot group was significantly within the 
lower bound (t(37) = 4.36, p < .001), but not within the upper bound 
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Fig. 2. Mean skin conductance responses (and standard error of means) to a human’s and a robot’s direct and averted gaze in the BW and BnW conditions. (BW =
Belief of Being Watched condition; BnW = Belief of not Being Watched condition). 

Fig. 3. Standardized mean zygomatic electromyographic (EMG) responses (and SEM) to a human’s and a robot’s direct and averted gaze in the BW and BnW 
conditions. (BW = Belief of Being Watched condition; BnW = Belief of not Being Watched condition). 
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(t(37) = − 1.43, p = .080). 

3.2. Facial electromyography responses 

The results of the zygomatic region EMG measurements are shown in  
Fig. 3. The zygomatic responses were analyzed with a 2(Stimulus) × 2 
(Gaze) × 2(Belief) × 6(Time) mixed ANOVA. The ANOVA showed a 
significant main effect of Gaze (F(1,80) = 69.553, p = <.001, η2

p = 0.465), 
indicating that the zygomatic response was greater in response to direct 
(M = 0.902, SEM = 0.083) than to averted gaze (M = 0.274, SEM =
0.077). Also the main effects of Time (F(2.828, 226.240) = 23.012, 
p = <.001, η2

p = 0.223) and Belief (F(1,80) = 12.298, p = .001, η2
p 

= 0.133) were significant. The zygomatic activity increased as a func
tion of time, and the zygomatic responses were greater in the BW con
dition (M = 0.726, SEM = 0.080) than in the BnW condition (M = 0.449, 
SEM = 0.082). There were no significant interactions between Gaze, 
Stimulus, and Belief. 

The results of the corrugator region EMG measurements are shown in  

Fig. 4. For the corrugator responses, the 2 × 2 × 2 × 6 mixed ANOVA 
showed a main effect of Gaze (F(1,79) = 42.791, p = <.001, η2

p = 0.351) 
and Time (F(2.094,165.420) = 7.823, p = .001, η2

p = 0.090). The corrugator 
activity decreased more in response to direct gaze (M = − 0.304, SEM =
0.100) than to averted gaze (M = 0.197, SEM = 0.085). The overall 
corrugator activity decreased as a function of time up to approx. 
1500 ms post-stimulus, after which the activity started to return towards 
its baseline. The ANOVA showed also a significant main effect of Belief 
(F(1,79) = 11.164, p = .001, η2

p = 0.124), indicating that the corrugator 
activity decreased more in the BW condition (M = − 0.160, SEM =
0.083) than in the BnW condition (M = 0.053, SEM = 0.096). The 
interaction between Gaze and Stimulus was also statistically significant 
(F(1,79) = 4.442, p = .038, η2

p = 0.053). When analyzing the responses in 
the two stimulus groups separately, the pairwise comparisons showed 
that the corrugator activity decreased more in response to direct than to 
averted gaze both for the human model (Mdirect = − 0.393, SEM = 0.136 
vs. Maverted = 0.261, SEM = 0.110; t(41) = − 5.802, p < .001, d = − .895) 
and for the robot (M direct = − 0.208, SEM = 0.147 vs. M averted = 0.127, 

Fig. 4. Standardized mean corrugator electromyographic (EMG) responses (and SEM) to to a human’s and a robot’s direct and averted gaze in the BW and BnW 
conditions. (BW = Belief of Being Watched condition; BnW = Belief of not Being Watched condition). 
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SEM = 0.130; t(38) = − 3.371, p = .002, d = − 0.540). Independent 
samples t-tests (α level adjusted for multiple comparisons) showed that 
there were no significant differences between the responses to the 
human model’s and the robot’s direct gaze (t(79) = − .922, p = .359, 
d = − .205) nor to their averted gaze (t(79) = 0.788, p = .433, 
d = − .175). Therefore, the significant interaction between Gaze and 
Stimulus reflected the fact that the magnitude of the gaze direction effect 
(direct gaze minus averted gaze) on corrugator activity was greater for 
the human model (M = − 0.654, SEM = 0.113) than for the robot (M =
− 0.335, SEM = 0.099). The interaction between Gaze and Belief was 
significant (F(1,79) = 7.356, p = .008, η2

p = 0.085). The pairwise com
parisons showed that the corrugator activity decreased more in response 
to direct gaze than to averted gaze both in the BW condition (Mdirect =

− 0.473, SEM = 0.104 vs. Maverted = 0.153, SEM = 0.088; t(80) = − 6.499, 
p < .001, d = − .722) and in the BnW condition (Mdirect = − 0.135, SEM 
= 0.112 vs. Maverted = 0.241, SEM = 0.097; t(80) = − 4.556, p < .001, 
d = − .506). Interestingly, when analyzing the effect of belief condition 
separately for direct and averted gaze (α level adjusted for multiple 
comparisons), the corrugator activity decreased more in response to 
direct gaze in the BW condition as compared to direct gaze in the BnW 
condition (t(80) = − 4.135, p < .001, d = − 0.459). The difference be
tween the responses to averted gaze in these two conditions was not 
statistically significant (t(80) = − 1.189, p = .238, d = − 0.132). 

3.3. Frontal EEG asymmetry 

The results of the frontal EEG asymmetry measurements for the 
electrode pair F4/F3 (CSD-transformed data) are shown in Fig. 5. A 2 
(Stimulus) × 2(Gaze) × 2(Belief) mixed ANOVA on the asymmetry 
scores showed no significant main effects or interactions. Because the 
effect of Belief did not have a significant effect on EEG asymmetry, nor 
was it interacting with other variables, a secondary analysis including 
only the participants who did not express doubts regarding the one-way 
window deceit was performed. The secondary analysis showed similar 
results as the primary analysis. 

Alpha asymmetry analyses were also performed for electrode pairs 
F8/F7, Af4/Af3, C4/C3, and P4/P3 (CSD-transformed data). For F8/F7, 
the analysis revealed a significant two-way interaction between Gaze 
and Belief and a significant three-way interaction between Gaze, Belief 
and Stimulus. With regard to the other electrode pairs, the analyses did 
not show any significant effects regardless of whether the participants 
doubting the one-way window deceit were included in the analyses or 
not. For conciseness, the results of these additional alpha asymmetry 
analyses are reported in detail in Supplementary material. 

3.4. Subjective affective feelings 

The results for the self-evaluations of affective arousal and valence 
are shown in Table 1. The arousal ratings (scale range: 1–9, with 9 
indicating maximal arousal) were analyzed with a 2(Stimulus) × 2 
(Gaze) × 2(Belief) mixed ANOVA. The ANOVA showed a main effect of 
Gaze (F(1,80) = 40.692, p < .001, η2

p = 0.337) reflecting that the partic
ipants felt more aroused in response to direct gaze (M = 3.274, SEM =
0.166) than to averted gaze (M = 2.558, SEM = 0.124). Also the main 
effect of Stimulus was statistically significant (F(1,80) = 3.983, p = .049, 
η2

p = 0.047) indicating that the participants felt more aroused when 
facing the robot (M = 3.188, SEM = 0.208) than the human model (M =
2.658, SEM = 0.167). The results showed a main effect of Belief (F(1,80) 
= 7.221, p = .009, η2

p = 0.083). Arousal ratings were higher in the BW 
condition (M = 3.070, SEM = 0.156) than in the BnW condition (M =
2.762, SEM = 0.134). Even though there was no significant interaction 
between Belief and Stimulus (F(1,80) = 2.498, p = .118, η2

p = 0.030), the 
mean values indicated that the effect of Belief in the human-robot group 
may have been extremely small. A TOST procedure (with an adjusted α 
level) was performed to test for the equivalence of the effect of Belief 
within both stimulus groups (Lakens, 2017). The results showed that 
there was a significant difference between BW and BnW conditions in 
the human-human group, (t(41) = 3.30, p = .002) but not in the 
human-robot group (t(39) = 0.720, p = .476). According to the equiva
lence test, the effect of Belief condition in the human-robot group was 
significantly within the lower bound of dz = - 0.45 (t(39) = 3.57, 
p < .001), as well as within the upper bound of dz = 0.45 (t(39) = − 2.13, 
p = .020). Therefore, the effect of Belief in the human-robot group was 
not statistically different from zero, and it was statistically equivalent to 
zero. The results of the TOST procedure remained similar when the 
participants expressing doubts of the one-way window deceit were 
excluded from the analysis. 

For the valence ratings (scale range: 1–9, with 9 indicating maximal 
pleasantness), a 2(Stimulus) × 2(Gaze) × 2(Belief) mixed ANOVA 
showed a main effect of Gaze (F(1,80) = 28.073, p < .001, η2

p = 0.260) 
indicating that the participants felt more positive in response to direct 
gaze (M = 6.159, SEM = 0.163) vs. averted gaze (M = 5.503, SEM =
0.150). Other effects were not significant. Because Belief did not have a 
significant effect on valence ratings, nor was it interacting with other 
variables, a secondary analysis excluding the participants who expressed 
doubts regarding the one-way window deceit was performed. Parallel to 
the primary analysis, the results of this analysis showed no main effect of 
Belief nor interactions with other variables. 

Fig. 5. Mean EEG frontal asymmetry scores for a human’s and a robot’s direct and averted gaze in the BW and BnW conditions. (BW = Belief of Being Watched 
condition; BnW = Belief of not Being Watched condition). The graphs express the difference in the EEG alpha power between electrodes F4–F3 (in ln-transformed 
μV2/m2), with positive values indicating relative left-sided activation and negative values indicating relative right-sided activation. 
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4. Discussion 

The aim of the present study was to investigate and compare affect- 
related psychophysiological responses to eye contact with a humanoid 
robot (NAO) and with another human being. More specifically, we 
investigated whether these responses are dependent on the psycholog
ical experience of being watched by the robot/the human model. To this 
end, we measured participants’ autonomic arousal with SCRs, facial 
zygomatic and corrugator EMG responses reflecting affective and 
affiliative reactions, and hemispheric asymmetry in the frontal EEG 
reflecting approach-withdrawal motivational tendencies in response to 
direct vs. averted gaze while manipulating the participants’ belief of 
whether the robot/human model could see them or not. In addition to 
the physiological measures, we measured self-evaluations of affective 
valence and arousal in the different gaze conditions. 

The present results showed that autonomic arousal and facial EMG 
responses associated with positive affect and affiliative responses were, 
in general, greater in response to direct vs. averted gaze. These results 
replicate previous findings from studies with a humanoid robot (Kiila
vuori et al., 2021) as well as a human (Hietanen et al., 2018, 2020; 
Hietanen & Peltola, 2021) as the gaze direction stimulus. Therefore, the 
present study provides further support for the claim that similar type of 
affective/affiliative responses are elicited when human observers’ are 
making eye contact with a humanoid robot’s as when making eye con
tact with another human. 

The participants’ belief of whether they could be seen by the hu
manoid robot/human model affected the overall magnitude of the 
autonomic arousal and facial EMG responses; the responses were, in 
general, greater when the participants knew that they could be seen by 
the gazer (Belief of Being Watched condition, BW), in comparison to 
when they believed that the gazer could not see them (Belief of not Being 
Watched – condition, BnW). Importantly, whereas the effect of the belief 
condition on the facial EMG responses was found both for the robot and 
the human partner, the effect on autonomic arousal was evident only for 
the human model. The increased facial responses in the BW condition 
may reflect enhanced social relevance ascribed to facing the robot/ 
human model in this condition in contrast to the BnW condition. In other 
words, this result can be interpreted to suggest that seeing the humanoid 
robot as well as the human partner triggered a greater affiliative 
response when the participants knew that there was a possibility for 
bidirectional interaction with the partner. Indeed, previous research has 
shown that although facial responses are considered to reflect rather 
automatic affective or social responses, they can be modulated by 
different types of top-down influences, including social relevance of the 
observed stimulus as well as the social context and simultaneous 
emotional processes (Bourgeois & Hess; 2008; Moody; McIntosh, Mann, 
& Weisser, 2007; Rychlowska, Zinner, Musca, & Niedenthal, 2012; 
Soussignan et al., 2013). The participants’ belief of being seen or not did 
not influence the effect of direct vs. averted gaze on the autonomic 
arousal or zygomatic responses. Instead, for the corrugator response, we 
found that direct gaze (regardless of the stimulus) evoked stronger 
decrease of the corrugator activity in the BW condition than direct gaze 
in the BnW condition. This finding could be interpreted to provide weak 
evidence that direct gaze of a humanoid robot as well as that of another 

human evokes a greater affiliative response when the observer knows 
that the gazer can also see them. 

As mentioned above, the effect of the belief condition on autonomic 
arousal was evident only for the human model. Previous research has 
indicated that autonomic arousal is sensitive to this type of top-down 
modulation in human-human interaction (Hietanen et al., 2020; Myl
lyneva & Hietanen, 2015). The fact that, in the present study, the effect 
of the belief condition was found in the human-human group, but not 
similarly in the human-robot group, suggests that autonomic arousal is 
not contingent on the perceived possibility for bidirectional interaction 
to the same degree when facing a robot as compared to when facing 
another human. This speculation is in line with the previous research in 
HRI suggesting that people ascribe lower degree of mental capacities, 
such as intentionality, to robots’ behavior than to other humans’ 
behavior (Chaminade et al., 2012; Gray et al., 2007; Krach et al., 2008; 
Martini, Gonzalez, & Wiese 2016; Perez-Osorio & Wykowska, 2020). 

Contrary to our expectations, the participants’ belief of being seen or 
not did not influence the effect of direct vs. averted gaze on autonomic 
arousal, regardless of whether the stimulus was the robot or the human 
model. For the human model, this finding is particularly unexpected 
since a previous study, with rather a similar study design, showed that 
observing another’s direct gaze in comparison to averted gaze induced 
greater autonomic arousal when the participants knew that the human 
partner could see them, but not when the participant believed that they 
could not be seen by the human partner (Myllyneva & Hietanen, 2015). 
There were some differences in the experimental designs between the 
present and the previous study that could potentially contribute to these 
discrepant findings. First, in the present study, the human partner (and 
the humanoid robot) rotated their whole head in the averted gaze 
condition, whereas in the previous study, the model person moved only 
their eyes. Therefore, the difference between the direct and averted gaze 
conditions was visually more salient in the present study, and this may 
have heightened the effect of the gaze direction relative to the effect of 
the belief condition on the autonomic responses. The number of blocks 
presented in the present experiment may have also affected the results. 
Namely, the present experiment was divided into four blocks that were 
alternating between the BW and BnW conditions, whereas the previous 
study had only one block for both belief conditions. Even though the 
participants were, between each block, carefully reminded of whether 
the robot/human model was able to see them in the next block, the 
greater number of blocks may have attenuated the participants’ focus on 
this aspect during the experimental trials to such an extent that the effect 
of this manipulation was diminished. Given that, in the present study, 
the results regarding the effect of the belief manipulation on the re
sponses to direct vs. averted gaze differed from those observed in the 
previous studies even for the human model (Hietanen et al., 2020; 
Myllyneva & Hietanen, 2015), it is possible that the afore-mentioned 
factors (the way of presentating averted gaze, number of blocks) 
impacted the results regarding the humanoid robot as well. Thus, we 
cannot draw strong conclusions on whether the belief of being seen or 
not affects the autonomic responses to the humanoid robot’s direct vs. 
averted gaze. 

Even though the overall autonomic arousal and facial EMG responses 
were greater both to the humanoid robot’s and the human model’s 

Table 1 
The self-reported ratings (and the standard error of means) of affective arousal and valence (1 = calm/ unpleasant, 9 = arousing/pleasant) to a human’s and a robot’s 
direct and averted gaze in the BW and BnW conditions. (BW = Belief of Being Watched condition; BnW = Belief of not Being Watched condition).    

Arousal    Valence   

Human Robot  Human Robot 

Belief condition  Gaze  Belief condition  Gaze   
Direct Averted Direct Averted  Direct Averted Direct Averted  

M (SEM) M (SEM) M (SEM) M (SEM)  M (SEM) M (SEM) M (SEM) M (SEM) 
BW 3.26 (0.24) 2.54 (0.19) 3.60 (0.30) 2.90 (0.23) BW 6.33 (0.25) 5.87 (0.24) 6.23 (0.29) 5.24 (0.19) 
BnW 2.67 (0.21) 2.17 (0.15) 3.60 (0.28) 2.65 (0.19) BnW 6.26 (0.20) 5.82 (0.23) 5.8 (0.23) 5.05 (0.21)  
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direct vs. averted gaze, the magnitude of the gaze direction effect on the 
autonomic arousal and corrugator activity was smaller for the humanoid 
robot than for the human model. For autonomic arousal, this result is 
fully in line with the previous study that also showed a greater effect of a 
human partner’s vs. a humanoid robot’s gaze direction on autonomic 
arousal (Kiilavuori et al., 2021). Regarding the facial EMG responses, the 
present findings differ from those of the previous study in that the 
previous study found a greater effect of the human model’s vs. the ro
bot’s gaze direction on zygomaticus activity but no difference in the gaze 
direction effect on the corrugator responses. Given that both facial 
response patterns (increase in the zygomatic activity and decrease in the 
corrugator activity) are considered to reflect positive affect/affiliative 
responses, these results could be interpreted to complement each other 
and to support the view that another human’s gaze may have a greater 
effect on affective/affiliative responses than a robot’s gaze. Therefore, 
the results of both the autonomic arousal and facial EMG measurements 
lend further support for the claim that another human’s gaze in com
parison to a humanoid robot’s gaze may be perceived as a more relevant 
social signal (Kiilavuori et al. 2021). 

Contrary to our expectations, gaze direction did not have an effect on 
the frontal EEG asymmetry scores (for the electrode pair F4/F3) 
regardless of the belief of being watched or not. This was observed for 
both stimulus groups. However, for the other frontal electrode pair, F8/ 
F7, the results showed that, in the human-robot group, the robot’s 
averted gaze induced greater relative left-sided frontal asymmetry than 
direct gaze, but only when the participants’ knew that the robot could 
also see them. Given that previous research has shown affective and 
motivational effects on frontal EEG asymmetry measured also from the 
electrode pair F8/F7 (Coan & Allen, 2003; Nash, Mcgregor, & Inzlicht, 
2010), this result could indicate, opposite to our hypothesis, that 
observing the robot’s averted gaze induced greater approach-related 
motivational tendency in comparison to direct gaze when the partici
pant knew that the robot could see them. 

We can only speculate possible explanations for these unexpected 
results. For the human-human group, the non-significant effect of gaze 
direction on the frontal EEG asymmetry was especially surprising 
because previous studies have shown relatively greater left than right 
frontal brain activity in response to another individual’s direct vs. 
averted gaze (Hietanen et al., 2008; Pönkänen et al., 2011; Soriano et al., 
2020; Uusberg et al., 2015). However, even though there is previous 
evidence for the effect of gaze direction on frontal asymmetry, there are 
also studies which have not replicated these results (e.g., Pönkänen & 
Hietanen, 2012). The discrepancy among the findings could be related 
to some differences between experimental settings of the studies, such as 
differences in how familiar the model person was to the participants 
(Pönkänen & Hietanen, 2012). Namely, in the present study as well as in 
the study by Pönkänen and Hietanen (2012), the model person served 
only as a “stimulus” and did not interact with the participant prior to the 
experimental trials. In studies that found the effect of gaze direction on 
frontal asymmetry (Hietanen et al., 2008; Pönkänen et al., 2011), the 
model was also one the experimenters of the study and, thus, interacted 
with the participant before the trials, potentially resulting in a somewhat 
stronger affiliation between the model and the participant. This may 
have boosted the approach-motivation related tendency towards the 
model person. 

With regard to the human-robot group, the result from the electrode 
pair F8/F7 indicating greater relative left-sided frontal brain activity 
(approach-related motivation) to the robot’s averted than direct gaze, in 
the BW condition, could reflect participants’ subtle attitudes towards the 
robot. It is possible that the participants were intrigued by the robot and, 
therefore, the robot primarily evoked an approach-related motivation in 
the participants. However, when observing the robot’s direct gaze, the 
approach-related motivation might have been diminished because of 
feelings of uneasiness. For most people, robots may still appear rather 
unfamiliar as social companions and, therefore, their direct gaze may be 
experienced as somewhat intrusive. However, we have to note that this 

interpretation is in stark contrast with the results of the EMG responses 
which suggested that the facial responses associated with positive 
affect/affiliation were enhanced by factors promoting direct, social 
contact (direct gaze, the BW condition). 

We want to emphasize that the discussion related to the results of 
frontal EEG asymmetry is highly speculative, and caution is warranted 
when making conclusions of the results. An important limitation of the 
present EEG measurements was that the number of experimental trials 
(i.e., the amount of artifact-free data) might have been insufficient for 
obtaining reliable EEG asymmetry data. According to Smith et al. 
(2017), the preferred amount of artifact-free data to obtain the best 
possible reliability is 1–3 min, but in the present study, the maximum 
amount of artifact-free data (per condition) was 36 s. This limitation 
might affect the reliability of the results. It is also important to point out 
that while there is considerable discrepancy among the findings 
regarding the effect of gaze direction on frontal EEG asymmetry, chal
lenges of replication prevail in EEG asymmetry research also more 
generally (Harmon-Jones et al., 2010; Kuper, Käckenmester, & Wacker, 
2019; Peltola et al., 2014). In fact, due to these challenges, researchers 
have questioned the validity of frontal EEG asymmetry as a marker (or a 
predictor) of specific state-level or trait-level factors (Harmon-Jones 
et al., 2010; Kuper et al., 2019; Peltola et al., 2014). 

The results of the subjective evaluations of affective arousal showed 
that direct gaze of the humanoid robot as well as of the human model 
evoked greater subjective arousal than averted gaze. Moreover, the self- 
evaluated arousal was greater in the BW condition than in the BnW 
condition when facing the human model, but not when facing the robot. 
These findings match with the results of the physiological measurements 
(SCRs). Somewhat unexpectedly, facing the robot was generally rated as 
more arousing in comparison to facing the human model. It is possible 
that this finding is associated with the (potential) feelings of unfamil
iarity with the robot. The present results regarding the subjective af
fective arousal ratings are different to those of the previous study 
wherein only the human model’s direct gaze was shown to evoke greater 
arousal than averted gaze (Kiilavuori et al., 2021). However, a differ
ence between these studies was that, in the previous study, each 
participant was facing both the humanoid robot and the human model, 
whereas in the present study, the participants saw only either of these. 
Thus, in the previous study, the participants were able to compare be
tween their experiences of facing the humanoid robot and the human 
model, which may have enhanced the awareness of the robot’s artifi
ciality relative to the human model, and therefore, diminished the 
subjective arousal evoked by the robot. With regard to the subjective 
affective valence, the present results replicate the previous findings by 
showing that the participants felt more positive when the humanoid 
robot as well as the human model looked at the participant in compar
ison to when they were looking away (Kiilavuori et al., 2021). 

There were some limitations in the present study that should be 
taken into account when interpreting the results. First, although the 
sample size of the present study was sufficient to detect medium effect 
sizes, we cannot rule out the possibility that some small effects were not 
detected due to limited statistical power of the analyses. This concern is 
particularly relevant for two unexpected, non-significant effects: the 
non-significant effect of gaze direction on EEG asymmetry scores and the 
non-significant interaction effect between gaze direction and belief 
condition on SCRs and on EEG asymmetry scores. It should be noted, 
however, that for these effects, previous studies have indicated at least 
medium effect sizes (Hietanen et al., 2008; Myllyneva & Hietanen, 
2015) [Note that, in Hietanen et al., study, the effect size was not re
ported in the published article, but was now calculated from the data (d 
= 0.602)]. Therefore, it is likely that the non-significant results were not 
solely associated with the sample size. However, as mentioned earlier, 
another limitation regarding the EEG measurements was the limited 
number of trials, which may have also influenced the reliability of the 
results of EEG asymmetry. In future EEG asymmetry studies, it is crucial 
to aim at sufficient amount of data in order to achieve optimal reliability 
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of the measure. Finally, although the present study did not show sta
tistically significant differences in the psychophysiological responses to 
direct gaze (nor to averted gaze) between the human-human and 
human-robot groups, future studies should track observers’ gazing 
behavior in order to investigate whether differences in psychophysio
logical responses could reflect differences in allocation of attention to 
the eye-region when looking at another person vs. a robot. The inves
tigation of gazing behaviors when looking at humans and robots is 
interesting and important, of course, also in itself. 

Taken together, the present study provides further evidence that eye 
contact with a humanoid robot can elicit similar type of automatic 
affect-related responses as eye contact with another human being. This 
finding argues for the importance of eye contact in human-robot inter
action, which should be taken into account when designing robots for 
social roles. Moreover, the study demonstrates that the psychophysio
logical responses to a humanoid robot can, to some extent, be modulated 
by an observer’s attributions of the robot’s mental state. This finding 
suggests that people have a tendency to ascribe mental states also to 
robots. Further research is needed in order to gain more understanding 
of the social cognitive mechanisms behind humans’ implicit reactions to 
direct gaze as well as to other social signals displayed by humanoid 
robots. 

Data Availability 

The authors do not have permission to share data. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.biopsycho.2022.108451. 
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