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A B S T R A C T

Eye contact with a human and with a humanoid robot elicits attention- and affect-related psychophysiological 
responses. However, these responses have mostly been studied in adults, leaving their developmental origin 
poorly understood. In this study, 114 infants (6–8 months old) viewed direct and averted gaze directions of a live 
human and an embodied humanoid robot while their heart rate deceleration (attention orienting), skin 
conductance (affective arousal), and facial muscle activity (affective valence) were measured. In addition, a non- 
humanoid object (a vase) was used as a control stimulus. Infants’ attention orienting was stronger to averted 
versus direct gaze of a human and a robot, but indifferent to the averted versus direct orientation of the non- 
humanoid object. Moreover, infants’ attention orienting was equally intensive toward a human and a robot, 
but less intensive toward a non-humanoid object. Affective arousal was insensitive to gaze direction and did not 
differ between the human, the robot, and the non-humanoid object. Facial muscle responses showed sensitivity 
to the gaze direction of a human and of a robot but not to the orientation of the non-humanoid object. These 
results suggest that infants recognize the attentional and affective/affiliative significance not only in a human’s 
gaze but also in a robot’s gaze.

1. Introduction

From early infancy, humans are sensitive to eye contact, that is, a 
perception of another’s gaze directed toward the perceiver (i.e., direct 
gaze) instead of away (i.e., averted gaze). In fact, infants as young as 2–5 
days old attend longer to faces with direct gaze than to faces with 
averted gaze (Farroni et al., 2002, 2004; Urakawa et al., 2015). From 
approximately four months of age, infants begin to understand another’s 
gaze in relation to themselves (Baron-Cohen, 1994). Grossmann et al. 
(2010) further demonstrated a correlation between 5-month-old infants’ 
neural sensitivity to eye contact and to hearing their own names, sug
gesting that infants can already interpret eye contact as a self-directed 
social cue. Interpreting another’s attempt to establish eye contact as 
an intentional, directed social signal is considered a crucial step in the 
development of infants’ theory of mind (Baron-Cohen, 1994). To attain a 
more comprehensive understanding of theory of mind development, one 
must not only consider the attentive responses to eye contact but also 
explore the affective aspects of such interactions (Charman, 1994; Muir 

et al., 1994). For example, evidence indicates that 3- to 6-month-old 
infants tend to smile less when their interaction partner averts their 
eye gaze, and also exhibit recovery of positive affective reactions upon 
resumption of eye contact (Hains & Muir, 1996; Symons et al., 1998). 
Together, these attentive and affective responses to eye contact play an 
important role in humans’ social and cognitive development. For 
example, eye contact seems to support infants’ development of emotion 
regulation (MacLean et al., 2014), attention control (Niedźwiecka et al., 
2018), and social skills (Csibra & Gergely, 2009).

The attentive and affective responses to eye contact have been 
extensively studied in adults by using psychophysiological measures 
(see the reviews by Hietanen, 2018; Senju & Johnson, 2009). Seeing a 
face with direct gaze, as compared to a face with averted gaze, elicits a 
more pronounced momentary deceleration of heart rate (Akechi et al., 
2013; Myllyneva & Hietanen, 2015). This heart rate deceleration 
response (HRDR) is considered an index of attending to external stimuli 
(Bradley, 2009; Graham & Clifton, 1966). Affective arousal is also 
heightened through eye contact, as demonstrated by increased skin 
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conductance responses (SCRs; Critchley, 2002; Dawson et al., 2000) in 
response to perceived direct versus averted gaze (Helminen et al., 2011; 
Jarick & Bencic, 2019; Nichols & Champness, 1971; Prinsen & Alaerts, 
2019). Myllyneva and Hietanen (2015) also showed that the heightened 
HRDR and SCR to eye contact require not only the perceived direct 
versus averted gaze but also the experience of being seen by the other 
party (see also Hietanen et al., 2008). It has been proposed that while 
perceiving direct gaze alone quickly captures our attention (cf. Farroni 
et al., 2002; Von Grünau & Anston, 1995), the simultaneous perception 
of direct gaze accompanied by the experience of being observed leads to 
greater self-referential processing, which may also be reflected in psy
chophysiological responses (Conty et al., 2016). Finally, facial electro
myography (EMG) studies have revealed an increase in muscle activity 
in the zygomaticus (cheek) area and a concurrent reduction in activity in 
the corrugator (eyebrow) area when individuals observe faces with 
direct gaze, as opposed to faces with averted gaze (Hietanen, Helminen, 
et al., 2018; Hietanen et al., 2020). This pattern of muscle activation is 
traditionally associated with a positive affective response (e.g., 
Cacioppo et al., 1986; Geangu et al., 2016; Larsen et al., 2003). How
ever, it has been suggested that, in a social context, the facial EMG 
response to eye contact may reflect not only the experienced positive 
affect but also a displayed affiliative signal (Hietanen, Helminen, et al., 
2018; see also Chovil, 1997; Parkinson, 2005).

Interestingly, recent psychophysiology studies have shown that 
humans react attentively and affectively not only to eye contact with a 
human but to eye contact with a humanoid robot as well. More specif
ically, it has been demonstrated that HRDR, SCR, and facial EMG re
sponses are more pronounced to direct versus averted gaze of both a 
human and humanoid robot (Kiilavuori et al., 2021, 2022; Linnunsalo 
et al., 2023). Considering the research on HRDR and SCR presented 
earlier, it appears that humans implicitly sense being observed by the 
robot when perceiving its direct gaze. Indeed, studies have demon
strated that humans implicitly ascribe mind-related characteristics, such 
as intentionality, to seemingly autonomous humanoid robots 
(Perez-Osorio & Wykowska, 2020; Wiese et al., 2017). This tendency 
could elucidate why humans interpret the direct gaze of humanoid ro
bots as a socially relevant signal.

Even though attention- and affect-related psychophysiological re
sponses to eye contact have been demonstrated in numerous studies, the 
development of these responses remains poorly understood. Impor
tantly, it is unclear whether these responses to eye contact occur already 
in infancy, or if they are associated with more advanced mentalizing 
processes that typically develop later in life (see Rakoczy, 2022). An 
intriguing question also arises concerning whether infants’ attentional 
and affective responses extend to eye contact with a nonhuman, robotic 
agent, similarly to the responses observed in adult humans. Answering 
this question would increase our understanding of whether infants 
already interpret attentional and affective significance in the direct gaze 
of a humanoid robot. Although infants’ socially interactive behavior is 
generally different toward people versus objects (Legerstee et al., 2000; 
Rönnqvist & von Hofsten, 1994), some studies suggest that infants may 
attribute intentionality to humanoid robots (Arita et al., 2005; Kame
wari et al., 2005) and even interpret their gaze as a socially relevant cue 
(Meltzoff et al., 2010). On the other hand, adults have a more developed 
understanding of humanoid robots’ behavioral capabilities and the ro
bots’ purpose as social interaction partners, which may partially explain 
why adults respond similarly to eye contact with a human and with a 
humanoid robot. In contrast, infants, lacking this acquired knowledge, 
may respond attentively and affectively to eye contact with a human, 
but not necessarily with a humanoid robot. This difference may be re
flected in psychophysiological measures such as HRDR, SCR, and facial 
EMG, which have been successfully used to investigate infants’ re
sponses to other social stimuli (e.g., Kaiser et al., 2017; Nava et al., 2016; 
Peltola et al., 2011).

In the present study, we sought to address two major questions: First, 
we aimed to determine whether attention- and affect-related 

psychophysiological responses to eye contact are already elicited in in
fants. Providing insights into this question will enhance our under
standing of early socio-cognitive processes and their affective 
underpinnings. Second, we aimed to investigate whether infants’ re
sponses to eye contact are confined to human-human interactions, or if 
they can also extend to interactions with nonhuman agents, such as 
humanoid robots. To address these two questions, we measured HRDR 
for attention orienting, SCR for affective arousal, as well as zygomaticus 
and corrugator EMG responses for affective or affiliative reactions in 6- 
to 8-month-old infants. This age range was chosen based on findings 
pointing to infants’ well-developed capacity to interpret human gaze at 
this age, as shown by studies on infants’ gaze following (e.g., Ishikawa 
et al., 2022; Senju & Csibra, 2008), as well as feasibility of the psy
chophysiological methods for measuring responses to social stimuli at 
similar ages (Kaiser et al., 2017; Peltola et al., 2011). Psychophysio
logical signals were measured in response to perceived direct and 
averted gaze directions from both a live human and the humanoid robot 
Nao. Moreover, we extended these measurements to include responses 
to a non-humanoid object (i.e., a vase) with similar varied orientations. 
The non-humanoid object served as a control stimulus. Alongside the 
psychophysiological measures, we quantified the infants’ looking times 
toward the different stimuli. As outlined in our preregistered hypotheses 
(see https://doi.org/10.17605/OSF.IO/4H7KY), we expected that 
perceiving the direct versus averted gaze of a human elicits more pro
nounced HRDR indexing greater attention orienting, increased SCR 
indexing heightened affective arousal, as well as increased zygomaticus 
EMG and decreased corrugator EMG responses indexing affective 
valence or affiliative signals. Moreover, we expected that infants look 
longer toward a human with direct versus averted gaze. We also ex
pected that perceiving the direct and averted gaze of a humanoid robot 
elicits similar, but perhaps more modest (see Kiilavuori et al., 2021), 
responses as those with a human. Finally, we expected that all the 
measured responses would be indifferent to the “direct” versus “averted” 
orientation of the non-humanoid object (vase).

2. Methods

2.1. Participants

The participants were 114 Finnish, full-term infants (27–34 weeks 
old, Mage = 32.09 weeks, SDage = 1.99 weeks; 64 males, 50 females) with 
no known neurological disorders nor deficits in vision or hearing. An a 
priori power analysis (1 – β = .8, α = .05) with G*Power 3 (Faul et al., 
2007) indicated that a final sample size of 52 is sufficient to reliably 
detect gaze direction effects of d ≥ 0.4 (the smallest psychophysiological 
effect reported by Kiilavuori et al., 2021). Given the multiple psycho
physiological measures, we expected to obtain good-quality data from 
approximately half of the infants and thus doubled our target sample 
size from the one suggested by G*Power 3. Table 1 shows our final 
sample sizes for each measure and stimulus condition. The participants 
were recruited by invitation letters that were sent to all families of 5- to 
8-month-old infants in Pirkanmaa area. The contact information of the 
mothers was obtained from the Finnish Digital and Population Data 
Services Agency. To avoid participation bias, the participants were 
recruited with the somewhat vague information that physiological 

Table 1 
Final sample size per stimulus for each measure.

Measure Stimulus

Human Robot Vase

Looking time 113 113 112
HRDR 108 110 98
SCR 98 101 85
Zygomaticus EMG 91 94 82
Corrugator EMG 100 105 90
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responses would be measured during simple interaction, and the more 
detailed information (e.g., the inclusion of a robot) was fully described 
at the beginning of the experiment. The infants underwent the experi
ment with their parent, and each parent gave their written, informed 
consent at the beginning of the procedure. Each infant received a plush 
toy as a token of participation. The Ethics Committee of the Tampere 
region reviewed and seconded the study protocol.

2.2. Stimuli

All stimuli were physically present in the laboratory, that is, no 
pictorial stimuli were used in this experiment. This decision was guided 
by previous studies, which have demonstrated that HRDR and SCR are 
sensitive to perceived gaze direction only when participants view live 
faces but not when they view faces in still images or on a video (e.g., J. K. 
Hietanen et al., 2008; J. O. Hietanen et al., 2020; Pönkänen et al., 2011). 
Three female assistants rotated between participants as the human 
stimulus. The assistants were carefully trained to bear a motionless 
neutral facial expression, while maintaining a slight muscle tonus in the 
cheek area to avoid looking grumpy or weary. Eye blinks were allowed 
to occur naturally. During each stimulus presentation, the human 
model’s head and gaze were oriented either toward the infant (direct 
gaze condition) or 65◦ to the right or left (averted gaze condition; see 
Fig. 1). The robot stimulus was a humanoid robot Nao (Aldebaran SAS). 
Its behavior was programmed with Choregraphe software (v2.8, 
Aldebaran SAS) and Python API for Aldebaran robots. The robot’s eye 
LEDs were programmed to blink every 3000 ms in order to make its gaze 
behavior appear more natural. Similarly to the human stimulus, the 
robot was presented with either direct or averted head and gaze direc
tion. The non-humanoid object was a single-color wooden vase. To 
mimic the gaze direction conditions of the human and robot stimuli, the 
vase was presented with either direct or averted (65◦ to the right/left) 
orientation. The vase had handles to its both sides, which made its 
orientation salient to the infant.

The stimuli were presented to the infant through a 21.5 × 37.5 cm 
voltage-sensitive liquid crystal (LC) window (NSG UMU Products Co., 
Ltd.) embedded to a black panel which was placed on the table between 
the infant and the stimulus. The infant and the stimulus faced each other 
at the opposite sides of the LC window, and the LC window could be 

alternated between a transparent state and an opaque state, allowing for 
a precise control over the duration of stimulus presentation, similar to if 
the stimuli were presented on a video. The visibility through the LC 
window (i.e., transparent state or opaque state) was controlled by using 
E-Prime software (v2.0, Psychology Software Tools, Inc.) running on a 
desktop computer. Each stimulus remained motionless during a pre
sentation, except for the occasional eye blinks of the human and robot 
stimuli. The infant sat on their parent’s lap at approximately 60 cm from 
the LC window, whereas the distance between the LC window and the 
stimulus was 60 cm for the human stimulus and 40 cm for the robot and 
vase stimuli. Through the LC window, the infant could see the head and 
torso of the stimuli, except for the vase that was visible as a whole. The 
parent’s seat was adjusted to ensure that the eyes of the infant were on 
the same vertical level as the eyes of the human/robot stimulus.

2.3. Procedure

Each experiment was conducted by a leading experimenter and two 
assistants. One of the two assistants served as the human stimulus and 
thus remained hidden from the infant until the experimental trials. 
When the infant and their parent arrived at the laboratory, the parent 
was informed that the purpose of the study is to measure the infant’s 
physiological reactions while the infant views a live human, a humanoid 
robot, and a decorative vase. The human, robot, and vase stimuli were 
presented in three separate blocks, and brief breaks were taken between 
each block. The presentation order of the three blocks was counter
balanced between participants. Each block began with a brief intro
duction of its stimulus. The human and humanoid robot Nao introduced 
themselves autonomously while explicitly attending to the infant, 
whereas the vase was shown to the infant by the leading experimenter. 
Before the introductions of the human and humanoid robot Nao in their 
respective blocks, the infant’s parent was instructed to answer the 
human’s and the robot’s introductions by introducing themselves and 
the infant. The purpose of this bilateral introduction was to demonstrate 
to the infant that both the human and the robot are eligible for social 
interaction. Regarding the introduction of humanoid robot Nao, the 
robot was revealed in a sitting position, from which it said (in Finnish) 
“Hi [infant’s name], I’m glad that you came to see me!” Then the robot 
stood up, oriented its gaze toward the infant’s face, and continued (in 

Fig. 1. The direct and averted gaze directions of a human, a robot, and a non-humanoid object (left) were presented to the infant though a voltage-sensitive liquid 
crystal window (right).
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Finnish) “Hi, I’m Nao!”, to which the infant’s parent replied by intro
ducing themselves. The robot used social hand gestures and nods to 
enhance the impression of social interaction. The infant’s parent was 
also instructed to take some steps sideways while carrying the infant to 
demonstrate the robot’s ability to follow them with its gaze. After the 
introduction, the human/robot sat (and the vase was placed) behind the 
LC window, and, in the case of the first block, the measuring electrodes 
were attached to the infant. In the human and robot stimulus blocks, 
before proceeding to the experimental trials, the LC window was briefly 
turned transparent, allowing the infant to see the human/robot through 
the LC window. This was done to ensure that the infant’s eyes were on 
the same vertical level as the eyes of the human/robot. It was also 
demonstrated to the infant that the human/robot is able to see them 
through the transparent LC window. The human model demonstrated 
this by adjusting her seat while gazing toward the infant, whereas the 
robot initially gazed slightly downward and, upon the experimenter’s 
request, adjusted its gaze as if to match the infant’s eyes. In reality, the 
robot’s gaze adjustment maneuver was a preprogrammed series of head 
movements that the assistants activated when the robot was addressed. 
The parent was instructed not to respond to the trials in order to avoid 
influencing the infant’s responses. The parent was also instructed to hold 
the infant in a hugging position during the trials in order to gently 
inhibit the infant’s movement, which helped minimize movement arti
fact for the psychophysiological measurements. The experimenters 
turned off the lights from the infant’s side of the room and moved behind 
a curtain, where they monitored and recorded the infant’s behavior with 
an infrared camcorder.

Throughout the experimental trials, instrumental music was played 
at a low volume from speakers in the stimulus model’s side of the LC 
window to help the infant remain attentive. In each block, the stimulus 
was presented ten times with direct gaze/orientation and ten times with 
averted gaze/orientation (five to each side). These direct and averted 
conditions were presented in a pseudorandomized order, in a way that 
no more than four consecutive trials of same condition were possible. 
During each trial, the LC window became transparent for 3000 ms 
before turning back opaque. Each trial was manually initiated by the 
leading experimenter. The inter-stimulus interval was 5000 ms, during 
which E-Prime informed the experimenters of the subsequent gaze/ 
orientation condition on a computer screen. During the inter-stimulus 
interval, the robot’s head was rotated remotely by using a laptop, 
whereas the vase was manually rotated by the assistants (not visible to 
the infant). If the infant lost interest in the opaque LC window during the 
inter-stimulus interval, their attention toward the LC window was 
restored with colorful, moving lights or with auditory cues before 
initiating the next trial. After the third and final experimental block, the 
experimenters removed the electrodes from the infant, and informed the 
parent that they will immediately receive an email with a link to an 
online survey to be answered in the subsequent days. The survey con
tained the Infant Behavior Questionnaire-Revised short form (Putnam 
et al., 2014) and its results will be reported elsewhere.

2.4. Data acquisition

Continuous electrocardiography (ECG), skin conductance, and elec
tromyography (EMG) signals were recorded at a sampling rate of 1 kHz 
with BrainVision Recorder software (v1.24, Brain Products GmbH), and 
the signals were amplified with a QuickAmp amplifier (Brain Products 
GmbH). All signals except for skin conductance were measured with pre- 
gelled, adhesive electrodes (Ag/AgCl). ECG was measured with two 
electrodes attached below the infant’s collarbones. Skin conductance 
was measured with two non-adhesive electrodes (Ag/AgCl) containing 
isotonic paste, which were attached to the plantar surface of the infant’s 
left foot (Ham & Tronick, 2008) with adhesive tape. These electrodes 
were covered with the infant’s sock to avoid any unnecessary distrac
tions. For EMG, two electrode pairs were attached on the zygomaticus 
and corrugator muscle areas on the left side of the infant’s face (Fridlund 

& Cacioppo, 1986). A ground electrode for all signals was placed in the 
infant’s forehead just below the hairline. All electrode sites except for 
the foot were rubbed with alcohol-free wipes before attaching the 
electrodes.

2.5. Data analysis

All analyses were preregistered (https://doi.org/10.17605/OSF.IO/ 
4H7KY) and no deviations from the preregistration were taken. All 
data were analyzed offline. The video data were analyzed by using 
Observer XT software (v16, Noldus Information Technology BV). Two 
trained assistants oblivious to the purpose of the study assessed the 
video data for any visible artifacts (e.g., sneezes, crying) and trials 
during which the infant had something in their mouth (e.g., a thumb). 
The assistants also quantified the infants’ looking time (0–3000 ms) 
toward the stimulus in each trial. The videos showed the infant’s face 
but not the stimulus, and thus the assistants were unaware of the stim
ulus condition. As the stimulus was not visible in the videos, looking 
toward the stimulus was defined as looking toward a fixed direction 
where the stimuli were presented. Inter-rater reliability (calculated from 
10.5 % of the trials) was high for visible artifacts (intraclass correlation 
coefficient [ICC] =.80), something in mouth (ICC =.95), and looking 
time evaluations (ICC =.94). The trials with visible artifacts (8.33 % of 
the trials) or a total looking time of less than 1500 ms (13.09 % of the 
trials) were rejected from any psychophysiological analyses, and the 
trials with something in the infant’s mouth (8.65 % of the trials) were 
rejected from any zygomaticus EMG analyses. The trials with a looking 
time of 0 ms (5.77 % of the trials) were not included in the looking time 
analyses. In addition, 0.41 % of the trials were rejected due to technical 
errors during the experimental procedure.

The psychophysiological signals were analyzed as follows: For the 
ECG data, an in-house (Matlab-based) algorithm was used to automat
ically detect R peaks, and falsely identified or missing R peaks were 
manually corrected. The trials in which the R peaks could not be 
detected due to excessive signal noise were rejected (3.78 % of the tri
als). After rejecting those trials and the ones described in the previous 
paragraph (regarding data quality assurance), 77.35 % of the trials 
remained for the ECG data analysis. The intervals between two succes
sive R peaks (interbeat intervals, IBIs) were quantified and averaged 
within 500-ms epochs from 500 ms pre-stimulus (baseline) to 6000 ms 
post-stimulus, which is sufficient to capture the typical duration of 
HRDR. The algorithm then converted the IBIs within each 500-ms epoch 
to beats per minute (BPM) by using the formula BPM = 60 000 / IBI (in 
milliseconds). For the statistical analyses, heart rate change scores were 
calculated by subtracting the baseline BPM from the BPM of each post- 
stimulus epoch.

The skin conductance and EMG data were analyzed with BrainVision 
Analyzer software (v2.3, Brain Products GmbH). The skin conductance 
signal was re-sampled to 100 Hz and band-pass filtered at 0.05–10 Hz. 
Signal artifacts were rejected automatically with the criterion that 
maximum allowed value change within a 100-ms interval was 1 μS 
(16.97 % of the trials). SCR was calculated for each included trial 
(65.06 % of all trials) by subtracting the averaged baseline (500 ms pre- 
stimulus) activity from the maximal peak value within a post-stimulus 
interval of 1000–6000 ms. This base-to-peak method has been previ
ously used in other infant studies (e.g., Nava et al., 2016). Trials with a 
conductance rise of less than 0.01 μS were coded as zero responses, but 
they were still included in the analyses (see Dawson et al., 2000).

The EMG signals in zygomaticus and corrugator muscle areas were 
processed separately. Both signals were filtered with a 30–150-Hz 
bandpass filter and rectified. Each trial was visually inspected and the 
trials with signal artifact (i.e., notable value change during the 500 ms 
baseline period prior to stimulus onset) were rejected (25.31 % of the 
trials for zygomaticus, 20.49 % of the trials for corrugator). The signal in 
the included trials (51.81 % of all trials for zygomaticus, 61.37 % of all 
trials for corrugator) was segmented into 500-ms epochs from 500 ms 
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pre-stimulus (baseline) to 3000 ms post-stimulus. The epochs were then 
standardized within each individual to improve comparability between 
the two muscle areas. EMG change scores were calculated by subtracting 
the baseline epoch from each post-stimulus epoch.

For statistical analyses, any participant that had less than three 
included trials in any condition (e.g., direct gaze) was excluded from the 
analyses of that measure for the respective stimulus (i.e., the human, the 
robot, or the vase). The statistical analyses were conducted using R 
Statistical Software (v4.2.2; R Core Team, 2022). Infants’ looking time 
and psychophysiological responses were analyzed by creating linear 
mixed models (LMMs), as LMMs can accommodate missing data. LMMs 
were created in R using the lme4 package (v1.1.34; Bates et al., 2015). 
Separate LMMs were created for each measure (looking time, HRDR, 
SCR, zygomaticus EMG, & corrugator EMG), and each trial was indi
vidually entered into an LMM. For all LMMs, direction (direct vs. 
averted) and stimulus (human vs. robot vs. non-humanoid object) were 
included as fixed effects, whereas participant number and trial number 
(1− 10) were included as random effects. For the HRDR and facial EMG 
analyses, time (HRDR: 12 × 500-ms epochs; EMG: 6 × 500-ms epochs) 
was added as a third fixed effect. Direction × Stimulus and Direction 
× Stimulus × Time (where applicable) interactions were also added to 
the LMMs. The fixed effects and interaction effects were assessed 
through Type III analyses of variance (ANOVA) by using the lmerTest 
package (v3.1.3; Kuznetsova et al., 2017). The degrees of freedom for 
the ANOVAs were estimated with Satterthwaite’s method. For statisti
cally significant main and interaction effects, pairwise contrasts of 
estimated marginal means were analyzed by using the emmeans pack
age (v1.8.8; Lenth, 2023). These planned pairwise contrasts resulting 
from statistically significant main/interaction effects were not corrected 
for multiple testing. Statistically nonsignificant contrasts that were 
relevant to our research questions were further analyzed with a two 
one-sided test (TOST) procedure. The equivalence bounds for the TOST 
procedure were set at d = ± 0.4.

3. Results

3.1. Looking times toward the stimuli

The results regarding the participants’ looking times in different 
stimulus conditions are shown in Fig. 2. There was a main effect of 
stimulus (F(2,6634.6) = 143.80, p < .001). Pairwise comparisons showed 
that the infants looked longer toward the human versus the vase (t(6636) 
= 13.48, p < .001, dz = 1.378; Mhuman = 2468 ms, SEM = 35.20; Mvase 
= 2164 ms, SEM = 35.20). In addition, the infants looked longer toward 
the robot versus the vase (t(6636) = 15.68, p < .001, dz = 1.482; Mrobot 
= 2518 ms, SEM = 35.20). The difference between the human and the 
robot was not statistically significant (t(6632) = 2.21, p = .070, dz 
= 0.208). A TOST procedure revealed that the observed effect size was 
statistically significantly within the bounds of d = ± 0.400 (t(112) 

= − 2.76, p = .003), which indicates that there was no meaningful dif
ference in responses to the human and the robot. Also the main effect of 
direction (p = .113) as well as the Direction × Stimulus interaction 
(p = .368) were not statistically significant.

3.2. Heart rate deceleration responses

The HRDR results are shown in Fig. 3. The main effect of time was 
statistically significant (F(11, 62758) = 83.91, p < .001), indicating that 
the infants’ heart rate decelerated in response to viewing the stimuli. 
There was also a main effect of stimulus (F(2, 62828) = 30.31, p < .001), 
as the HRDR was greater in response to the human versus the vase 
(t(62784) = − 6.30, p < .001, dz = 0.646; Mhuman = − 1.59 BPM, SEM 
= 0.20; Mvase = − 1.10 BPM, SEM = 0.20) as well as in response to the 
robot versus the vase (t(62864) = − 7.31, p < .001, dz = 0.738; Mrobot 
= − 1.66 BPM, SEM = 0.20). The difference between the human and the 
robot was not statistically significant (t(62859) = − 1.00, p = .576, dz 
= 0.094). A TOST procedure indicated that the observed effect size was 
statistically significantly within the bounds of d = ± 0.4 (t(105) = − 3.87, 
p < .001), indexing the absence of a meaningful effect between the 
human and robot stimuli. In addition, the main effect of direction was 

Fig. 2. Mean looking times (and SEM) in the six different stimulus conditions.
Fig. 3. Mean heart rate change (and SEM) in response to direct and averted 
gaze directions/orientations of a human, a robot, and a vase.
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statistically significant (F(1, 62782) = 60.72, p < .001), reflecting more 
pronounced HRDR to averted (M = − 1.68 BPM, SEM = 0.19) versus 
direct gaze (M = − 1.22 BPM, SEM = 0.19). Importantly, there was a 
Direction × Stimulus interaction (F(2, 62783) = 19.26, p < .001). Pairwise 
comparisons showed that the HRDR was more pronounced to averted 
versus direct gaze of the human (t(62783) = 7.31, p < .001, dz = 0.703; 
Maverted = − 1.96, SEM = 0.20; Mdirect = − 1.22 BPM, SEM = 0.20) and 
the robot (t(62782) = 7.48, p < .001, dz = 0.713; Maverted = − 2.03, SEM 
= 0.20; Mdirect = − 1.29 BPM, SEM = 0.20), but indifferent to averted 
versus direct orientation of the vase (p = .484). Finally, the Stimulus 
× Time interaction was statistically significant (F(22, 62758) = 5.33, 
p < .001), suggesting that heart rate returned to baseline more quickly 
in response to seeing the vase, as compared to seeing either the human 
or the robot. The rest of the interactions were not statistically significant 
(all ps ≥ .275).

3.3. Skin conductance responses

The SCR results are shown in Fig. 4. There were no statistically sig
nificant effects of stimulus (p = .470) or direction (p = .436), nor was 
there a statistically significant Direction × Stimulus interaction 
(p = .189). To analyze whether the lack of effect could be explained by 
habituation of the skin conductance (i.e., an effect wearing out after a 
few repeated trials, see Lapolla et al., 2023), we created a new LMM with 
trial number as a fixed effect. However, the main effect of trial number 
was also not statistically significant (p = .419).

3.4. Facial electromyography responses

The facial EMG results are shown in Fig. 5. For the zygomaticus 
muscle area, it is important to note that the z-scores were negative, 
which implies that the infants’ zygomaticus activity decreased in 
response to viewing the stimuli. However, a statistically significant main 
effect of time (F(5, 21114) = 13.07, p < .001) revealed that the zygoma
ticus activity decreased only initially and then began to increase. The 
main effect of stimulus was statistically significant (F(2, 21219) = 44.58, 
p < .001), indexing that the zygomaticus muscle activity shifted more in 
the positive direction in response to perceiving the robot versus the 
human (t(21224) = 8.42, p < .001, dz = 0.936; Mrobot = − 0.07, SEM 
= 0.04; Mhuman = − 0.21, SEM = 0.04), as well as to perceived robot 
versus the vase (t(21223) = 7.66, p < .001, dz = 0.879; Mvase = − 0.20, 
SEM = 0.04). The responses did not differ between the human and the 
vase (p = .944). In addition, the main effect of direction was statistically 
significant (F(1, 21127) = 9.47, p = .002), suggesting a more positive shift 
in response to direct (M = − 0.14, SEM = 0.04) versus averted direction 
(M = − 0.18, SEM = 0.04). Importantly, there was a Direction 
× Stimulus interaction (F(2, 21129) = 4.94, p = .007). Pairwise compari
sons showed that the zygomaticus muscle activity shifted more in the 
positive direction in response to direct versus averted gaze of the human 

(t(21129) = 4.06, p < .001, dz = 0.426; Mdirect = − 0.16, SEM = 0.04; 
Maverted = − 0.25, SEM = 0.04) and of the robot (t(21127) = 2.06, 
p = .040, dz = 0.212; Mdirect = − 0.05, SEM = 0.04; Maverted = − 0.10, 
SEM = 0.04), whereas the responses did not differentiate between direct 
and averted orientation of the vase (p = .580). The rest of the in
teractions were not statistically significant (all ps ≥ .092).

For the corrugator muscle area, there was a main effect of stimulus 
(F(2, 25150) = 19.63, p < .001), as the responses differentiated between 
all three stimuli (all ps ≤ .014; Mhuman = 0.16, SEM = 0.03; Mrobot =

0.10, SEM = 0.03; Mvase = 0.06, SEM = 0.03). There was also a main 
effect of direction (F(1, 25055) = 10.65, p = .001), suggesting increased 
muscle activity in response to averted (M = 0.13, SEM = 0.03) versus 
direct gaze/orientation (M = 0.08, SEM = 0.03). In addition, the Di
rection × Stimulus interaction was statistically significant (F(2, 25060) 
= 7.63, p < .001). Pairwise comparisons showed that the corrugator 
activity increased in response to averted versus direct gaze of the human 
(t(25058) = − 3.73, p < .001, dz = 0.373; Maverted = 0.20, SEM = 0.03; 
Mdirect = 0.12, SEM = 0.03) and of the robot (t(25056) = − 3.68, p < .001, 
dz = 0.359; Maverted = 0.14, SEM = 0.03; Mdirect = 0.06, SEM = 0.03), 
whereas the responses were indifferent to averted versus direct orien
tation of the vase (p = .184). Finally, there was a Stimulus × Time 
interaction (F(10, 25033) = 2.41, p = .007), indicating that the corrugator 
activity increased faster in response to the human versus the vase. The 
main effect of time and the rest of the interactions were not statistically 
significant (all ps ≥ .081).

4. Discussion

In the present study, we wanted to investigate whether 6- to 8- 
month-old infants’ attention- and affect-related responses are already 
sensitive to eye contact, and whether these responses extend to human- 
robot interaction. We measured the infants’ looking time, heart rate 
deceleration (HRDR, attention orientation), skin conductance (SCR, af
fective arousal), and facial muscle activity (zygomaticus and corrugator 
EMG, affective/affiliative responses) in response to perceived direct and 
averted gaze directions of a live human and a humanoid robot, as well as 
direct and averted orientations of a non-humanoid object (vase) serving 
as a control stimulus. Based on previous behavioral studies in infants (e. 
g., Farroni et al., 2002; Hains & Muir, 1996) and psychophysiological 
studies in adults (e.g., J. K. Hietanen, Helminen, et al., 2018; Myllyneva 
& Hietanen, 2015), we expected increased looking times, HRDRs, SCRs, 
and zygomaticus EMG responses, as well as decreased corrugator EMG 
responses to direct versus averted gaze of a human and a humanoid 
robot. We also expected all the responses not to differentiate between 
direct and averted orientations of the vase. Finally, we expected that the 
responses to observing the robot might be less pronounced, as compared 
to the responses to observing a human (Kiilavuori et al., 2021).

Our results showed that the infants looked longer toward a human 
and a humanoid robot than a decorative vase. This suggests that infants 
perceived a human and a humanoid robot as more interesting stimuli 
than a non-humanoid object. However, contrary to our expectations, the 
infants’ looking times did not differentiate between the gaze directions 
of the human or the humanoid robot. Our hypothesis that the infants 
would look longer at a human (or a humanoid robot) with direct versus 
averted gaze was based on previous research by Farroni and colleagues 
(2002, 2004). Those experiments showed that even newborn infants 
prefer to look at faces with direct gaze, as compared to faces with 
averted gaze, when the two faces are presented next to each other. 
Moreover, the preference for direct gaze was observed both with pic
tures of human faces and with pictures of schematic faces, suggesting 
that the infants’ preference for direct gaze extends to artificial faces. 
However, as the direct and averted gaze stimuli were presented 
sequentially in our study, the present experimental design did not 
measure the infants’ preference for direct versus averted gaze as such, 
but it measured the capacity of direct versus averted gaze to capture and 
hold the infants’ attention. Additionally, in the experiments by Farroni 

Fig. 4. The mean magnitudes of skin conductance responses (and SEM) to 
direct and averted gaze directions of a human, a robot, and a vase.
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and colleagues (2002, 2004), the infants had the possibility to look at the 
stimulus pictures for as long as they wanted to. Indeed, even though a 
face with direct gaze was looked at longer than a face with averted gaze, 
the mean looking time toward a face with averted gaze was approxi
mately one minute. In the present experiment, a stimulus trial was al
ways terminated after 3000 ms, and it is thus possible that our stimulus 

trials were too short to differentiate looking times between direct and 
averted gaze. That being said, Urakawa and colleagues (2015) did show 
gaze direction to influence infants’ looking times even though the direct 
and averted gaze directions were presented sequentially, and with a 
stimulus presentation duration of 5000 ms. They used eye tracking to 
demonstrate that the total fixation time toward the eye region was 

Fig. 5. Standardized mean facial muscle activity (and SEM) in response to direct and averted gaze/orientation of a human, a robot, and a vase. The responses are 
presented separately for the zygomaticus and corrugator muscle areas.
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longer for a face with direct gaze, compared to a face with averted gaze. 
As we did not use eye tracking in the present study, we cannot know 
whether the infants’ looking times toward the eye region would have 
differentiated between gaze directions of a human or of a humanoid 
robot.

In line with our hypothesis, the infants’ HRDR was sensitive to gaze 
direction of both a human and a humanoid robot. However, the direc
tion of the gaze effect was the opposite of what we expected, as HRDR 
was greater to averted gaze than direct gaze. Previous research shows 
that HRDR is enhanced in response to direct versus averted gaze in 
adults (Akechi et al., 2013; Myllyneva & Hietanen, 2015) and in 
2–5-year-old children (Helminen et al., 2017), and, as already discussed, 
even newborn infants show attentional preference (looking time) for 
direct gaze (Farroni et al., 2002). Why is it then that 6–8-month infants 
seem to allocate more attention to averted gaze than direct gaze? 
Interestingly, in line with the present results, Simpson et al. (2020)
found that 2- to 6-month-old infants looked longer toward faces with 
averted versus direct gaze. The authors argued that infants may be 
especially interested in faces with averted gaze because those faces are 
important for the development of joint attention skills, that is, the in
fant’s ability to follow where the other person is looking. Relatedly, 
9-month-old infants show attentional preference to faces that look to
ward an object, as compared to faces that look away from an object 
(Senju, Csibra & Johnson, 2008), indicating that infants understand the 
capacity of averted gaze to provide information about the surrounding 
environment (see also the review by Gliga & Csibra, 2007). Thus, our 
current results extend those obtained by Simpson et al. (2020) by 
showing that infants’ attentional preference for averted versus direct 
gaze is accompanied by a physiological orienting response indicated by 
heart rate change. Also importantly, our results showed that infants’ 
greater attention orienting, reflected in HRDR, toward averted versus 
direct gaze is not specific to perceived human faces, but also extends to 
artificial, humanoid robot faces.

Interestingly, the infants’ skin conductance did not differentiate 
between the direct and averted gaze of a human or a humanoid robot. 
This finding could be interpreted to suggest that perceiving another’s 
direct gaze (eye contact) does not increase affective arousal in infants. 
Therefore, the affective arousal elicited by eye contact, as observed in 
adults (Helminen et al., 2011; Nichols & Champness, 1971; Prinsen & 
Alaerts, 2019), may begin to occur later in life. For example, Senju and 
Johnson (2009) discussed the possibility that the affective arousal in 
response to eye contact develops through early-life social interaction by 
repeated co-occurrences of eye contact and positive experiences, which 
could attach reward value to eye contact. On the other hand, studies 
with adults have demonstrated that the capacity of eye contact to elicit 
affective arousal is influenced by 1) the observer’s understanding of 
being the target of another’s attention, as well as 2) the observer’s un
derstanding that also the other perceives to be the target of the ob
server’s attention (see J. K. Hietanen, Helminen, et al., 2018; Jarick & 
Bencic, 2019; Myllyneva & Hietanen, 2015). Infants as young as two 
months may already be aware of being the target of the other’s attention 
(Reddy, 2003), but it may very well be that they have limited under
standing of the other’s perception of being the target of the infant’s 
attention. The possibility that increased affective arousal in response to 
eye contact is driven by socio-cognitive processing, and thus depends on 
the development of these processes, could be investigated in a longitu
dinal study by following infants during the first years of their life.

Before proceeding to the main results regarding facial EMG, we want 
to discuss the somewhat unexpected finding that all stimuli elicited an 
initial drop in the zygomaticus activity and an initial increase in cor
rugator activity. In our experimental procedure, the presentation of the 
live stimuli was highly salient to the infant, as the stimulus was the only 
illuminated object in an otherwise dark room (see Fig. 1). Moreover, as 
the duration of inter-stimulus interval was not fixed, and the stimulus 
presentations were not preceded by an orienting cue such as the fixation 
cross (cf. Kaiser et al., 2017), the infant could not predict the stimulus 

onset. Considering these characteristics regarding the stimulus presen
tation, we believe that the initial decrease in zygomaticus activity and 
the initial increase in corrugator activity may reflect infants’ surprise at 
the sudden appearance of a stimulus. In fact, research has demonstrated 
decreased zygomaticus activity and increased corrugator activity in 
response to surprising events (Topolinski & Strack, 2015). Therefore, it 
is possible that the present EMG results reflect partly the infant’s initial 
attentional response to a surprising stimulus presentation and partly the 
subsequent responses, which in turn differed between the stimulus 
conditions.

The facial EMG results showed, in line with our hypothesis, that both 
the zygomaticus and corrugator activity differentiated between direct 
and averted gaze. Even though the zygomaticus responses were negative 
(compared to the pre-stimulus period) and the corrugator responses 
were positive, based on the preceding discussion, the results indicate 
that the infants’ zygomaticus activity increased and corrugator activity 
decreased in response to direct versus averted gaze. These results are in 
line with previous studies that have reported infants to smile less when 
their interaction partner averts their gaze, as compared to when main
taining eye contact with the infant (Hains & Muir, 1996; Symons et al., 
1998). Importantly, we present a novel finding that the infant’s zygo
maticus and corrugator responses are sensitive not only to the perceived 
gaze direction of a human but also the gaze direction of a humanoid 
robot. However, interpreting the nature of the socio-cognitive processes 
underlying the current EMG results poses a challenge. For instance, 
previous research has linked heightened zygomaticus activity and 
reduced corrugator activity to an experienced positive affect (Cacioppo 
et al., 1986; Larsen et al., 2003). This implies that infants in our study 
may have experienced a higher level of positive affect when either a 
human or a humanoid robot directed their gaze toward the infant as 
opposed to looking away. On the other hand, as the infants’ EMG re
sponses were not accompanied by an increase in affective arousal, it is 
possible that these responses to eye contact were, at least partly, driven 
by factors other than experienced affect. In fact, previous research with 
adults has shown that the zygomaticus and corrugator EMG response to 
eye contact occur somewhat independently of affective arousal (J. O. 
Hietanen et al., 2020; Linnunsalo et al., 2023). Another possible expla
nation for the present EMG results is that they reflect the infants’ 
affiliative and communicative signals toward the stimulus (see Chovil, 
1997; Parkinson, 2005). Indeed, from the first months of life, infants 
begin to display smiling expressions to caregivers, likely as a means to 
sustain interaction with them (for a review, see Messinger & Fogel, 
2007). As the infant progresses through the second half of their first 
year, smiling becomes an increasingly utilized communicative signal 
that also extends to interactions with unfamiliar individuals (Venezia 
et al., 2004).

It is important to mention that even though the infants’ facial EMG 
responses were sensitive to the gaze direction of both a human and a 
humanoid robot, the EMG responses also partly differentiated between 
these two stimuli. That is, regardless of gaze direction, perceiving a 
humanoid robot elicited greater zygomaticus responses and smaller 
corrugator responses, as compared to perceiving a human. This was an 
unexpected finding, because we hypothesized that if anything, the EMG 
responses would be attenuated to the robot versus the human. We 
speculate three possible explanations for this finding: First, the EMG 
responses might have been influenced by stranger anxiety, that is, in
fants’ tendency to react timidly to strangers, typically increasing 
markedly at the age of 6–8 months (Braungart-Rieker et al., 2010; 
Schaffer, 1966). It is possible that the infants did not express wariness 
toward a humanoid robot to the same extent as toward a human 
stranger. Second, it is possible that the infants perceived the robot as a 
more pleasant stimulus than a human because they associated the robot 
with a playful object. Third, it might be that the zygomaticus EMG re
sponses were attenuated to the human stimulus because the infants, who 
are used to being smiled at by other people, experienced the neutral 
human face as somewhat unpleasant. It is possible that the infants did 
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not have such expectations for the humanoid robot. On the other hand, 
we want to emphasize that because infants’ affective arousal did not 
differentiate between the human and the robot, we cannot be sure that 
the EMG responses in this study were driven by an affective reaction of 
any kind. Infants’ possible affective preference for humanoid robots over 
human strangers should be investigated further, however, not least 
because of its practical potential. For example, in the near future, hu
manoid robots could assist in infant care, provided that they are suffi
ciently developed, capable of sensitive and responsive touch, facial 
expressions, gaze behavior, and auditory cues (see also Cifuentes et al., 
2020). In fact, the possibility that people would prefer social in
teractions with a humanoid robot rather than with a human stranger is 
not necessarily restricted to infancy. For example, it has been recently 
shown that 3- to 6-year-old children may prefer befriending a humanoid 
robot rather than a human, and adults in psychiatric daycare may find it 
easier to conversate with a humanoid robot, as compared to a new 
human acquaintance (Ochi et al., 2023; Stower et al., 2024).

Overall, the present psychophysiological results indicate that 6- to 8- 
month-old infants recognize similar attentional and affective/affiliative 
(and possibly social) significance in a humanoid robot’s and a human’s 
gaze. This is particularly interesting because infants, unlike adults, do 
not know that humanoid robots have been developed to socially interact 
with people and that people are thus perhaps expected to treat robots as 
if they were humans. Therefore, the present results suggest that this top- 
down understanding of human-robot interaction may not be required for 
a robotic gaze to be experienced as an attentionally and affectively/ 
affiliatively significant cue. Instead, it seems that as the attentive and 
affective/affiliative responses to gaze direction develop in human- 
human interaction, the responses also generalize to human-robot 
interaction.

A limitation of the present study, in addition to those discussed 
earlier, is that the vase which served as a control stimulus did not have 
eyes attached to it. Therefore, we cannot reject the possibility that the 
infants’ responses to the robot’s gaze behavior were substantially driven 
by the mere fact that the robot had eyes. Moreover, we do not know 
whether an inanimate object with eyes would have elicited similar eye 
contact responses as the humanoid robot did. On the other hand, 
Meltzoff and colleagues (2010) demonstrated that infants are more 
likely to follow a robot’s gaze if they have previously viewed social 
interaction between the robot and an adult (see also Arita et al., 2005). 
Importantly, a recent electroencephalographic study measured adults’ 
P300 event-related potentials, an index of attention orienting, to 
perceived direct and averted gaze of a humanoid robot (Linnunsalo 
et al., 2023). The results showed that P300 was greater to direct versus 
averted gaze of the robot, but only when the robot had been introduced 
to the participant as a socially interactive agent that displayed human
like social behavior. When the same robot was presented as an inani
mate, remote-controlled robot, the P300 responses did not differentiate 
between the robot’s direct and averted gaze. Future studies should also 
investigate whether the mere presence of eyes in a humanoid robot is 
sufficient to elicit discriminative psychophysiological responses to direct 
and averted gaze in infants. This could be done, for example, by 
manipulating the degree of the robot’s interactive behavior or the in
fant’s exposure to social interaction between a robot and an adult. 
Finally, the ethnic homogeneity of participants, that is, the infants were 
all Finnish, creates a possible limitation to the generalizability of the 
present results. Although we have no reason to believe that these 
basic-level attentive and affective responses to eye contact are notably 
influenced by ethnic or cultural background (see Akechi et al., 2013), 
these responses should still be studied among various populations to 
assess their generalizability.

In conclusion, our study presents three main novel findings. First, we 
demonstrated that 6- to 8-month-old infants show similar attention- 
related psychophysiological responses to the gaze direction of a live 
human and an embodied humanoid robot, that is, the averted gaze of 
both stimulus models captured the infant’s attention more intensively 

than direct gaze. Second, neither a human’s nor a humanoid robot’s gaze 
direction had an effect on infants’ affective arousal as measured by skin 
conductance responses. The third main finding was that the infants’ 
zygomaticus activity increased and corrugator activity decreased in 
response to eye contact with a human and a humanoid robot, as 
compared to perceiving the other looking away. Together, these results 
could suggest that infants perceive a humanoid robot as a social agent, 
similarly to another human, although further research is needed to 
validate this conclusion. The present results should encourage future 
studies, both theoretical and practical, to further investigate the social 
interaction between an infant and a humanoid robot. Special interest 
should be devoted to the interplay between the robot’s humanlike 
appearance, its interactive behavior, and the infant’s exposure to 
human-robot interaction, and how these three components influence 
infants’ social ascriptions to humanoid robots. For future infant-robot 
interaction studies, we stress the importance of using an embodied hu
manoid robot, instead of video stimuli, to ensure that the experiments 
resemble actual social interactions as closely as possible, which in turn 
helps maximize the ecological validity of the results.
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