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A B S T R A C T   

The present study aimed to examine event-related potentials (ERPs) of action planning and outcome monitoring 
in human-robot interaction. To this end, participants were instructed to perform costly actions (i.e. losing points) 
to stop a balloon from inflating and to prevent its explosion. They performed the task alone (individual condi-
tion) or with a robot (joint condition). Similar to findings from human-human interactions, results showed that 
action planning was affected by the presence of another agent, robot in this case. Specifically, the early readiness 
potential (eRP) amplitude was larger in the joint, than in the individual, condition. The presence of the robot 
affected also outcome perception and monitoring. Our results showed that the P1/N1 complex was suppressed in 
the joint, compared to the individual condition when the worst outcome was expected, suggesting that the 
presence of the robot affects attention allocation to negative outcomes of one’s own actions. Similarly, results 
also showed that larger losses elicited smaller feedback-related negativity (FRN) in the joint than in the indi-
vidual condition. Taken together, our results indicate that the social presence of a robot may influence the way 
we plan our actions and also the way we monitor their consequences. Implications of the study for the human- 
robot interaction field are discussed.   

1. Introduction 

Robots are beginning to be present in many aspects of our life – as 
virtual assistants telling us the weather forecast, or, as humanoid robots, 
greeting us at the airports. The “One Hundred Year Study on Artificial 
Intelligence (AI100)”-Report (Stone et al., 2016) predicts a further in-
crease in robotic presence in our life, in health care as well as home 
environment. This makes it necessary to examine the effect of robotic 
presence on human behavior. In human social contexts, it has been 
observed that the behavior of one individual changes in the presence of 
other people, compared to his or her behavior in an individual situation. 
For example, people tend to make riskier choices (Zajonc et al., 1970) or 
intervene less in emergencies (Chekroun & Brauer, 2002) in the pres-
ence of others. Thus, given the role that robots might take in our society 
in the future, it appears crucial to investigate if the presence of robots 
affects individual behavior similarly to when we interact with another 
human. 

In social contexts, we continuously need to work together with others 
on joint tasks and involve in collaborative actions during daily activities. 
However, collaboration requires planned coordination, which, 

according to the task and the context, relies on a combination of 
different cognitive mechanisms that allows the representation of one’s 
own and others’ actions and goals simultaneously (see Vesper, Butterfill, 
Knoblich, & Sebanz, 2010; Vesper et al., 2016 for a review). Among 
these mechanisms, action planning and outcome monitoring are crucial 
to ensure a smooth and effective collaboration in social interaction (for a 
review see Knoblich et al., 2011). For instance, imagine you are the 
hitter in a volleyball team. As a hitter, your task is to receive the ball 
from the setter and hit it in a way that it will not be stopped by the 
opponents. So you have to decide how and when to hit the ball, which 
requires to be able to make good decisions in a short time and to process 
a large amount of information at once, such as the trajectory and the 
speed of the ball, the position and the readiness to act of the opponent 
middle blocker, etc. After hitting the ball, you will continue to monitor 
it, to ensure that you reach the outcome you intended, i.e. score a point 
for your team. 

Evidence showed that action planning and outcome monitoring of 
one’s own actions is different between individual and social contexts. 
Sebanz et al. (2006) showed that when pairs of participants perform a 
“Go”/”No-go”-task in a social context, they represent not only their own 
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actions but also those of the co-actor. In the experiment of Sebanz et al. 
(2006), participants had to respond only to one stimulus feature (i.e. the 
color, “Go” trials), either individually or together. Results showed that 
for “No-go” trials P300 amplitude was larger in the joint than in the 
individual condition. Importantly, in the no-go joint condition, it was 
the co-actor who was producing the response. The results indicated that 
a representation of the action to be performed was activated following 
“No-go” stimulus presentation, and was then suppressed to avoid acting 
when it was the other’s turn. The finding that participants create a 
representation of co-actors’ action has been replicated in many studies 
(e.g., Atmaca et al., 2011; Ciardo et al., 2016; Ciardo & Wykowska, 
2018; Sebanz et al., 2003), even in situations in which it is not beneficial 
for task performance (de Bruijn et al., 2008). Evidence shows that social 
context also affects visual attention. Baess and Prinz (2015) showed that 
the N1, an event-related potential (ERP) component indicative of early 
perceptual processing, was less pronounced in the joint compared to the 
individual action condition, although the physical features of the stimuli 
were similar across conditions. This implies that the social context can 
affect also the early stages of perceptual processing. 

1.1. The present study 

The present study aimed to examine ERP components of two mech-
anisms underlying joint action: action planning and outcome moni-
toring. Our main aim was to determine whether it is possible to identify 
ERP markers that characterize human-human joint action also when 
interacting with a robotic agent. To this end, we employed a modified 
version of the Balloon Risk-Taking task (BART, Beyer et al., 2018; Lejuez 
et al., 2002). Participants were instructed to stop a balloon from 
inflating, to prevent its explosion. In a within-subjects design, we 
manipulated the context in which participants performed the task. In 
one condition, participants performed the task alone (individual con-
dition), whereas in the other case (joint condition) they performed the 
task with the Cozmo robot (Anki Inc., San Francisco). The only differ-
ence between the individual and the joint condition was that in the joint 
condition also the robot was in charge of stopping the balloon. Every 
possible outcome (the balloon burst, or did not burst) was associated 
with feedback, i.e. losing a number of points. When the robot acted 
instead of the participant, no points were lost. 

1.1.1. Action planning 
One of the main ERP components related to action planning is the 

movement readiness potential, a negative deflection over central areas 
starting about 2 s prior to action onset (Shibasaki & Hallett, 2006). 
Historically the readiness potential has been differentiated into two 
parts: the early part (which will be denoted here as eRP), and the later 
part, that is more lateralized to the side contralateral to the movement 
and starts about 500 ms before the movement, the lateralized readiness 
potential (LRP), which is related to movement preparation. While the 
eRP has been hypothesized to originate from the supplementary motor 
area (SMA) and the pre-SMA, the LRP originates in primary motor areas 
contralateral to an acting hand/arm (Schmidt et al., 2016). Together, 
the eRP and the LRP are considered two indexes of different stages of 
action planning (de Jong et al., 1988; Gratton et al., 1988; Leuthold & 
Jentzsch, 2002). While the LRP represents pure motor preparation, the 
eRP has been shown to be influenced by several motivational and 
cognitive factors, such as the complexity of the action selection process 
(Shibasaki & Hallett, 2006). More importantly for the aim of the present 
study, modulations of the readiness potential (RP) have been reported in 
joint action studies (Kourtis et al., 2010). For instance, Kourtis et al. 
(2014) investigated movement-related ERPs when participants were 
asked to lift their arm as if they were to clink a glass. The arm lifting 
occurred either in an individual or a social context. The results showed 
that the RP was significantly enhanced when participants were asked to 
coordinate with another person compared to when they were initiating 
the same action individually. On the other hand, social context seems to 

not modulate the LRP (Kourtis et al., 2014), especially if the movement 
to be performed alone or in the presence of the co-agent is the same in 
terms of complexity of kinematics and environmental constraints. To 
investigate action planning during interaction with a robot, we exam-
ined the modulation of the eRP as a function of social context. We ex-
pected that the eRP would be more enhanced when planning to act in the 
context of a joint action, as compared to planning the same action 
individually. To exclude that differences across conditions in the eRP 
could be driven by a different involvement of the primary motor areas in 
action planning, we also examined the LRP. Given that the action 
required to stop the balloon did not differ across conditions, we expected 
that the LRP amplitude would be comparable between the individual 
and the joint condition. 

1.1.2. Outcome monitoring 
Our second target of interest was outcome monitoring in interaction 

with a robot. When we monitor the success of our own performance, we 
involve a variety of cognitive mechanisms, such as perceptual and 
attentional processing of the outcome, and outcome monitoring per se, 
related to reward-based learning. In the present study, we examined 
both visual attention related to the outcome, and outcome monitoring. 
To investigate the effect of social context on ERPs markers of visual 
attention, we analyzed the visual P1 and N1 ERP components (Mangun 
et al., 1993). These are the first positive peak (P1) around 100 ms and 
the first negative peak (N1) around 150 ms after the presentation of a 
visual stimulus. They have been postulated to originate in the extras-
triate occipital cortex (Luck, 2014). In a recent fMRI study, Beyer et al. 
(2018) found modulations of the visual cortex activity after outcome 
presentation in a BART task. The authors reported higher activation in 
the occipital cortex for the individual compared to the social condition. 
The authors concluded that participants paid more attention to the 
outcome in the individual condition and consequently monitored the 
outcomes of their actions less in the social context. Outcome monitoring 
has been mostly been correlated with the Feedback-Related Negativity 
(FRN), which is a negative deflection around 250 ms after the feedback 
presentation. It has been postulated to originate in the anterior cingulate 
cortex. The FRN has been hypothesized to represent processes like 
learning and motivation (San Martín, 2012). Therefore, it can be 
considered a proxy for higher-level outcome monitoring. The FRN seems 
to be affected by both social context and outcome valence (Beyer et al., 
2017; Czeszumski et al., 2019; Li et al., 2010). For instance, Czeszumski 
et al. (2019) found that FRN is more negative in a competitive situation 
compared to a cooperative situation, as well as for negative, compared 
to positive, outcomes (see also Beyer et al., 2017). Evidence showed that 
FRN is sensitive to both expectations about the outcome and its valence, 
with larger FRN elicited for outcomes worse than expected (Holroyd & 
Coles, 2002). Moreover, outcome valence seems to affect FRN as a 
function of the social situation. Itagaki and Katayama (2008), using a 
gambling task, investigated the relationship between one’s own and 
others’ outcomes under cooperative or competitive instructions. Results 
showed that the FRN for the co-agent’s feedback was elicited by nega-
tive outcomes in a cooperative situation and by positive outcomes when 
in competition. 

In the present study, we hypothesized that perceptual/attentional 
processing of outcome would be reduced in the joint condition 
compared to the individual condition, thus the amplitude of both P1 and 
N1 were expected to be smaller in the joint, compared to the individual, 
context, in line with previous studies (Baess & Prinz, 2015; Beyer et al., 
2018). We also predicted that outcome monitoring should be affected by 
the social context, with the FRN amplitude being reduced for self- 
generated outcome in the joint, compared to the individual condition. 
Moreover, we expected that outcome valence would modulate the FRN 
amplitude, with larger FRN amplitude associated with a larger amount 
of lost points, hypotheses in line with previous findings (Beyer et al., 
2017; Czeszumski et al., 2019). 
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2. Methods 

2.1. Subjects 

Thirty-two healthy adults took part in the study. They all provided 
written informed consent before participation and were debriefed after 
the experiment. Their participation was financially compensated. The 
experiment was conducted in accordance with the Declaration of Hel-
sinki and approved by the local ethics committee (Comitato Etico 
Regione Liguria). The data of five participants were excluded due to 
technical failure of the robot (1 participant), technical failure of the EEG 
recording system (1 participant) or because of EEG data that was too 
noisy (3 participants). Therefore, data of twenty-seven participants were 
further analyzed. The remaining sample had an age range of 19 to 44 
years (M = 23.85 years, SD = 4.81 years) and consisted of fifteen females 
and twelve males, one was left-handed. 

2.2. The Cozmo robot 

The interaction partner was the Cozmo robot, a commercial robot 
(Anki Inc., San Francisco). It is a small vehicle-shaped robot with four 
wheels and motors, a vertically moveable head with a facial display and 
camera, and a vertically moveable lift. Through the camera, it can 
recognize faces and also objects. It is controlled by an iOS- and Android- 
compatible application that can be used to program the robot also 
externally through a python 3.6-based software-development kit (SDK). 
The programming is limited to a pre-defined range of functions. In the 
present study the function “play_anim_trigger” with the attributes 
“GoToSleepSleeping”, “GoToSleepGetOut”, “OnSpeedtapTap” was used, 
as well as “go_to_object”, “set_lift_height” and “set_lift_angle”. Com-
mands were sent through OpenSesame Version 3.1.9 (Mathôt et al., 
2012) to the Cozmo application. Therefore, a mobile Android device 
with the Cozmo application was connected to the laptop through the 
Android Debug Bridge (adb). 

2.3. Questionnaires 

To assess the participant’s attitude toward robots, before starting the 
experiment we administered three different questionnaires:  

• The Frankenstein Syndrome Questionnaire (Nomura et al., 2012; Syrdal 
et al., 2013), measuring the “Frankenstein Syndrome” in the context 
of humanoid robots. The Frankenstein Syndrome is the fear of 
creating human-like entities that eventually might turn against their 
creator (Rollin, 1995). The questionnaire consists of thirty items, for 
which participants rate their accordance on a 7-point Likert scale. 
The ratings are summarized to four subscales: “General Anxiety to-
ward Humanoid Robots”, “Apprehension toward Social Risks of 
Humanoid Robots”, “Trustworthiness for Developers of Humanoid 
Robots” and “Expectations for Humanoid Robots in Daily Life”. 
While the subscales only demonstrated medium to good internal 
consistency, the questionnaire in total is characterized by good 
reliability (Syrdal et al., 2013).  

• The Negative Attitude Toward Robots Scale (NARS; Syrdal et al., 2009) 
measuring the participant’s attitude toward different aspects of robot 
use by using three subscales: “Negative Attitudes toward Situations 
and Interactions with Robots”, “Negative Attitudes toward Social 
Influence of Robots” and “Negative Attitudes toward Emotions in 
Interaction with Robots”. The questionnaire consists of fourteen 
items, for which participants rate their agreement on a 5-point 
Likert-scale. High internal consistency and validity have been 
demonstrated for this questionnaire (Syrdal et al., 2009).  

• The Robotic Social Attributes Scale (Carpinella et al., 2017) measuring 
the social perception of robots on the scales “Warmth”, “Compe-
tence” and “Discomfort”. The questionnaire consists of eighteen ad-
jectives. For each, participants need to rate on a 9-point Likert scale 

how much they associate it to robots in general. All the subscales 
have been validated psychometrically (Carpinella et al., 2017). 

All questionnaires were presented on a computer screen, using 
OpenSesame Version 3.1.9 (Mathôt et al., 2012) and responses were 
made with a standard computer mouse. 

2.4. Experimental setup and paradigm 

Participants were seated at a table facing Cozmo. Between the 
participant and the Cozmo robot, a computer screen was placed hori-
zontally on the table, so that both could see the screen (Fig. 1). The 
response devices were in-house-built keys that were mounted on top of 
the cubes with which Cozmo is standardly equipped. With this setup, 
Cozmo was able to detect the location of the cube and reach it autono-
mously. The keys mounted on the cubes guaranteed temporal precision 
of logging the tapping event. 

Each trial began with the visual instruction (1000 ms) of whether the 
participants would be playing alone (individual condition) or together 
with Cozmo (joint condition) (see Fig. 2). Both conditions were pre-
sented in a block-wise fashion, in a random sequence, with nine blocks 
for each condition (each block including 10 trials). Subsequently to the 
instruction regarding the condition, a text “the trial is starting” was 
presented on the screen for 1500 ms. Afterwards, a fixation display was 
presented for a random duration between 800 and 1000 ms (the dura-
tion was chosen from this time range at the beginning of each trial and 
kept for all fixation displays in the respective trial). Then participants 
were presented with a display depicting the balloon at the starting size in 
the middle of the display and a pin on top of the display for 500 ms. 
Finally, the balloon started inflating with a speed that was variable 
within the trial and between trials. The task was to press the key to stop 
the balloon from inflating, preventing it from touching the pin and ex-
ploding. In the individual condition, only the participant could stop the 
balloon, whereas in the joint condition also Cozmo could stop the 
balloon. Cozmo was programmed to act in 60% of trials in each joint 
block when the balloon reached 90% of its maximal size. When the 
balloon was stopped, it was presented in its final size for 1000 ms. In 
case it exploded, a cartoon “pop” was displayed (cf. Fig. 2). In every trial, 
the agent (the participant or Cozmo) who stopped the balloon lost points 
from his/her/its initial amount of 2500 points. The larger the balloon 
was, the fewer points were lost. When the balloon exploded, the 
maximal amount of points was lost (80–100) by both players. However, 
the relationship between the balloon sizes and the points lost (outcome) 
was not linear (see Table 1). We defined four ranges of balloon size that 
corresponded to four ranges of outcomes. Within each of these ranges, a 
random value was picked, whenever the balloon was stopped. It should 

Fig. 1. Experimental setup.  
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be noted that given the structure of the payoff, balloon size at the 
moment of stopping it, and the number of lost points (outcome) could be 
considered two different aspects of performance outcome. In our task, 
balloon size can be considered a proxy of the expected outcome, i.e. if 
the balloon is stopped at large sizes, smaller losses are expected. The 
number of lost points is the actual outcome, which can be considered 
more positive the fewer points are lost, and vice versa. 

2.5. EEG acquisition and analysis 

EEG data were recorded from 64 active Ag/AgCl electrodes, mounted 
on an ActiCap (Brain Products GmbH, Munich). Eye activity was 
recorded by one of the active electrodes placed underneath the right eye 
and two additional passive electrodes placed on the outer canthi of both 
eyes. One additional passive electrode was placed on the right ear lobe 
as a reference for the other two. The data were online referenced to the 
FCz electrode, amplified with BrainAmp amplifiers (Brain Products 
GmbH, Munich) and recorded with a 1000 Hz digitization rate by the 
BrainVision Recorder (Brain Products GmbH, Munich). No online filters 
were applied. Impedances of the active electrodes were controlled to be 
lower than 10 kΩ. 

The data were pre-processed with EEGLAB version 14.1.2. (a 
MATLAB-based open-source toolbox; Delorme & Makeig, 2004). Raw 
data were re-sampled to 250 Hz and re-referenced to the averaged 
mastoids (TP9, TP10). Data on the FCz electrode were interpolated. A 
notch filter (FIR filter, 50 Hz) was applied to reduce line noise. The 
subsequent pre-processing steps depended on the time epochs of inter-
est: for analysis of action planning-related data, a 0.05 Hz high-pass 

filter (e.g. Reznik et al., 2018) was applied, while for analysis of 
outcome monitoring-related data a 0.1 Hz high-pass filter (e.g. Beyer 
et al., 2017; Czeszumski et al., 2019) was used.1 The data then were 
segmented into 3200 ms epochs for action planning-related data (from 
2700 ms before the response to 500 ms after the response, the baseline- 
correction was done with the first 200 ms of the epoch) and 3000 ms 
epochs for outcome monitoring-related data (from 500 ms before the 
outcome presentation to 2500 ms after it; baseline: 100 ms before the 
presentation; as in Beyer et al., 2017). Independent component analyses 
were conducted on each data set separately to remove horizontal eye- 
movement artifacts and blinks. After that, a low-pass filter was 
applied (cutoff frequency 40 Hz for action planning-related data, cutoff 
frequency 20 Hz for outcome monitoring-related data (Reznik et al., 
2018) and epochs were semi-automatically rejected based on an 80-μV 
threshold. This resulted in 7.33% removed trials for the action planning- 
related data and 11.13% removed trials for the outcome monitoring- 
related data. 

ERPs were analyzed with FieldTrip version 2019/02/09 (a MATLAB- 
based open-source toolbox; Oostenveld et al., 2011). For action 
planning-related ERPs, we analyzed the eRP and the LRP. The eRP was 
defined as the mean amplitude over the electrodes Fz, FCz, Cz in the time 
period of 2500 ms to 500 ms preceding the response onset. Since re-
sponses in this experiment were only given with the right hand, the LRP 
was calculated by subtracting activity in electrode C4 from electrode C3 
(C3–C4). The amplitude of the LRP was then defined as the mean 
amplitude from this difference in the time range of 500 ms before the 
response onset. For outcome monitoring, early visual attention-related 
potentials (P1 and N1) and the later FRN were analyzed. The early vi-
sual attention-related ERPs were analyzed as an average of the elec-
trodes Oz, O1, O2, PO7, and PO8. The P1 amplitude was defined as the 

Fig. 2. Trial procedure in the joint condition (top panel) and in the individual condition (bottom panel). Participants and Cozmo (in the joint condition only) had to 
stop the balloon from inflating before it exploded. In every trial, the one who stopped the balloon lost points. The larger the balloon was at the moment of the 
stopping keypress, the fewer points were lost. At the end of the trial, participants were asked to indicate how much control they felt over the outcome. However, the 
analysis of this rating is outside the scope of this paper. 

Table 1 
The assignment of outcome ranges to balloon size ranges. The balloon size at 
reaction determined how many points were lost. The actual outcome was 
randomly drawn from the respective range of points.  

Balloon size (percentage of maximal size) Outcome (lost points) 

≤ 17% 46–60 
17–33% 31–45 
33–49% 16–29 
≥ 50% 1–15 
100% (explosion) 80–100  

1 A high-pass filter of 0.1 Hz is highly recommended for the analysis of EEG- 
data (Luck, 2014). However, when looking at components as the LRP, which are 
also called slow-cortical potentials (Schmidt et al., 2016) filters of 0.1 Hz cut off 
many of the slow-waves that actually contribute to the LRP and therefore can 
distort the results (Luck, 2014). To make sure that both components which are 
very different are analyzed correctly and data are not distorted, we applied 
different filters. The filters we used were based on literature, as referenced 
above. 
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most positive value between 90 and 140 ms after outcome-presentation 
(Luck, 2014), while the N1 amplitude was the most negative value be-
tween 130 and 190 ms post-onset (Luck, 2014). The FRN was defined as 
the mean amplitude over electrodes Cz, C1, C2, FCz, FC1, FC2, Fz, F1, 
and F2 in the time range between 200 and 300 ms after the outcome 
presentation. Although the FRN is usually extracted from difference 
waves between positive and negative outcomes, previous studies also 
looked at the FRN in trials with outcomes of only one valence (i.e. either 
positive or negative) (e.g. Beyer et al., 2017; Czeszumski et al., 2019). 
Also in this study, the outcomes were only of negative valence and thus 
the FRN is not analyzed as a difference between positive and negative 
outcomes. For the additional exploratory peak-to-peak analysis with the 
FRN, we defined the positive peak preceding the FRN as the most pos-
itive amplitude over electrodes Cz, C1, C2, FCz, FC1, FC2, Fz, F1, and F2 
in the time range between 100 and 200 ms after the outcome presen-
tation. We then subtracted this amplitude from the FRN amplitude to 
calculate the peak-to-peak difference. 

2.6. Statistical analysis 

Firstly, we assessed how the behavior of participants was altered by 
the presence of the robot, thus we analyzed how often participants or 
Cozmo successfully stopped the balloon. The proportions of reactions of 
each agent or explosions were compared with paired-sample t-tests. 
Subsequently, only trials in which participants stopped the balloon were 
analyzed, given that in these trials, the only difference across the con-
ditions of interest (individual vs. joint) was the social context.2 

Linear mixed effect models were used to analyze the behavioral and 
electrophysiological data. Outcomes and balloon sizes were z-trans-
formed within each participant. The dependent variables were ampli-
tudes of the eRP, LRP, P1, N1 and FRN components and the peak-to-peak 
difference of the FRN and the preceding positive peak. Fixed effects were 
the condition, z-transformed balloon sizes and outcomes (only in the P1, 
N1, FRN, and peak-to-peak difference model), and their interactions. For 
each participant we modelled a random intercept. Additional covariates 
as sex (fixed effect) or the scores from the questionnaires (total scores of 
the FSQ, NARS, and RoSAS questionnaires as random intercepts) were 
included on a step-by-step basis and only considered if a likelihood ratio 
test of the model with effect in question against the model without the 
respective effect became significant. p-Values on the estimates were 
obtained by an ANOVA on the model. All analyses were conducted using 
R Version 3.5.1 (R Core Team, 2018) and the lme4 package Version 
1.1.81.1 (Bates et al., 2015). The ggplot2 package Version 3.0.0. 
(Wickham, 2016) was used to create plots. All model estimates, as well 
as confidence intervals, are reported in the Supplementary material (SM, 
Section 10.2). 

3. Results 

The mean total score of the NARS was 32.57 (SD = 5.68). The mean 
total score of the FSQ was 108.81 (SD = 12.43). The mean total score of 
the RoSAS was 77.45 (SD = 13.94). The means and standard deviation of 
the subscales of all questionnaires are reported in Table 2. 

Participants successfully stopped the balloon in 87.42% (SD = 7.9%) 
of all trials in the individual condition (see Fig. 3). Therefore, the 
balloon exploded in 12.58% (SD = 7.9%) of trials in the individual 
condition. In the joint condition the number of explosions decreased 

significantly (t26 = − 2.71, p = .01, d = 0.52) to 9.26% (SD = 4.1%). 
Participants let Cozmo act in 39.48% (SD = 6.9%) of trials, while they 
stopped the balloon themselves in 51.60% (SD = 8.9%) of trials. This 
percentage differed significantly from the percentage of reactions in the 
individual condition (t26 = − 21.27, p < .001, d = 4.09). All additional 
behavioral analyses are reported in the Supplementary Material (SM, 
Section 10.1). 

3.1. Action planning-related ERPs 

3.1.1. Early readiness potential 
The eRP model was significantly improved by adding the FSQ score 

(Х2 = 5.20, p = .02; for an exploratory analysis on this effect see the SM), 
therefore estimates from this model are reported (see SM Table 6). No 
other covariate improved the model (all ps > .49). The social context 
significantly predicted the eRP amplitude (b = − 0.69, F26.89,1 = 5.22, p 
= .03), with more negative amplitude in the joint condition (M = − 1.65 
μV, SD = 2.56 μV; see Fig. 4) than in the individual condition (M =
− 1.01 μV, SD = 2.00 μV), but the balloon size did not (b = 3.42, F34.89,1 
= 0.02, p = .88). The interaction between condition and balloon size 
marginally affected the eRP amplitude (b = − 7.17, F14.21,1 = 4.08, p =
.06). Consequently, the eRP amplitude was slightly more positive for 
larger balloon sizes in the individual condition, while it was less positive 
for larger balloon sizes in the joint condition (see Fig. 5). 

Table 2 
Mean scores and standard deviations for the subscales of the NARS, FSQ, and 
RoSAS.  

Questionnaire Scale M SD 

NARS Negative attitudes toward situations and 
interactions with robots  

10.45  3.43 

Negative attitudes toward social influence of 
robots  

11.97  3.94 

Negative attitudes toward emotions in 
interaction with robots  

10.15  2.72 

FSQ General anxiety toward humanoid robots  36.40  11.58 
Apprehension toward social risks of humanoid 
robots  

24.03  3.74 

Trustworthiness for developers of humanoid 
robots  

21.89  3.45 

Expectations for humanoid robots in daily life  26.48  5.60 
RoSAS Warmth  17.91  8.34 

Competence  44.77  6.41 
Discomfort  14.76  6.78  

Fig. 3. Proportions of reactions in each condition. In the case of no reaction, 
the balloon exploded. 

2 In contrast, the no-action trials might have differed with respect to more 
than one aspect. In the individual condition, when participants did not prevent 
the balloon from bursting, they decided to not act (or they were too slow). 
However, in the joint condition, they might have either decided to not act, or 
they might have been too slow, or they might have decided to wait for Cozmo. 
Hence, the decision processes that led to “non-action” varied across conditions 
on multiple aspects. 
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3.1.2. Lateralized readiness potential 
The LRP model was significantly improved by adding the FSQ score 

(Х2 = 6.98, p < .001; for an exploratory analysis on this effect see the 
SM), therefore estimates from this model are reported (see SM Table 7). 
No other covariate further improved the model (all ps > .23). The social 
context did not have an influence on the LRP amplitude (b = − 0.49, 
F27.11,1 = 2.83, p = .10), amplitudes were similar in the individual 
condition (M = 1.02 μV, SD = 3.48 μV; see Fig. 5) and in the joint 
condition (M = 0.62 μV, SD = 3.57 μV). Neither the balloon size (b =
− 0.57, F35.51,1 = 1.02, p = .32) nor the interaction between condition 

and balloon size (b = − 1.04, F10.19,1 = 0.05, p = .82) were significant 
predictors of the LRP amplitude. Please note that also the LRP itself was 
not significantly different from zero, suggesting that the present exper-
iment did not elicit an LRP at all (Individual: t26 = 1.52, p = .14; Joint: 
t26 = 0.90, p = .38). 

3.2. Outcome monitoring-related ERPs 

3.2.1. P1 
The P1 amplitude (see Fig. 6) was significantly affected by the social 

context (b = − 1.33, F26.15,1 = 9.43, p = .005), with more positive 
amplitude in the individual (M = 2.98 μV, SD = 3.34 μV) than in the 
joint condition (M = 1.91 μV, SD = 1.89 μV). In addition, the balloon 
size had a significant effect on the P1 amplitude (b = − 12.37, F41.69,1 =

6.03, p = .02), while the effect of the outcome was only marginal (b =
− 6.86, F41.64,1 = 3.31, p = .08). The interaction between condition and 
balloon size reached the level of significance (b = 15.87, F28.63,1 = 6.95, 
p = .02; all other ps > .14), implying that balloon sizes only had an effect 
on the P1 amplitude in the individual condition but not in the joint 
condition, as the estimated effect of size of the balloon in the joint 
condition was not significantly different from zero (b = 3.5, 95% CI =
[− 1.23, 8.36], see Fig. 7). Specifically, for the individual condition, 
smaller balloon sizes predicted more positive amplitudes. None of the 
covariates significantly improved the model (all p > .21, see SM 
Table 8). 

N1. The N1 model was significantly improved by adding the FSQ 
score (Х2 = 6.98, p < .001; for an exploratory analysis on this effect see 
the SM), therefore estimates from this model are reported (see SM 
Table 9). No other covariates improved the model significantly (all p <
.19). The N1 amplitude (see Fig. 8) was significantly affected by the 
social context (b = − 1.22, F26.48,1 = 12.77, p = .001), with more 
negative amplitude in the joint condition (M = − 2.67 μV, SD = 2.09 μV) 

Fig. 4. Early readiness potential over electrodes Fz, FCz, Cz in the time window between − 2.5 s and − 0.5 s. Grand average waveforms in both conditions (A). Mean 
amplitude and standard error in both conditions (B). Scalp topographies in both conditions and the difference between them (C). The scalp topographies for the 2500 
ms preceding the response. 

Fig. 5. The interaction effect between balloon size (normalized values) and 
condition, predicting the early readiness potential amplitude. 
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than in the individual condition (M = − 1.39 μV, SD = 2.46 μV). 
The outcome (b = − 19.68, F43.08,1 = 9.80, p = .003) was a significant 

predictor of the N1 amplitude, while the balloon size was not (b =
− 0.49, F34.86,1 = 0.47, p = .50). In addition, the interaction between 
condition, balloon size and outcome reached the level of significance (b 
= − 79.58, F39.11,1 = 7.42, p = .01, cf. Fig. 9). The interaction between 
outcome and balloon size affected N1 amplitude in the individual con-
dition (b = 72.36, 95% CI = [8.63, 133.97]) but not in the joint con-
dition (b = − 7.28, 95% CI = [− 37.45, 22.12]). No other interaction had 
an effect (all p > .13). 

3.2.2. Feedback-related negativity 
The FRN model was significantly improved by adding the ROSAS 

score (Х2 = 7.64, p = .006; for an exploratory analysis on this effect see 
the SM), therefore estimates from this model are reported (see SM 
Table 10). None of the other covariates significantly influenced the FRN 
model (all ps > .36). The FRN amplitude was not significantly different 
between joint and individual contexts (joint: M = 5.26 μV, SD = 4.26 μV, 
Individual: M = 5.11 μV, SD = 4.52 μV; b = 0.19, F30.08,1 = 0.31, p = .58; 
see Fig. 10). Outcome had a significant effect on the FRN amplitude (b =
− 24.51, F35.28,1 = 5.02, p = .03), with less negative amplitude for larger 
outcomes. Also, the interaction between social context and outcome was 
significant (b = 35.84, F44.40,1 = 9.97, p = .003): while the FRN 
amplitude was larger (i.e. more negative) for larger losses in the indi-
vidual condition, in the joint condition the amplitude was smaller (i.e. 
more positive) for larger losses (see Fig. 11). Neither size nor any of the 
interactions significantly affected the FRN amplitude (all ps > .36). 

As the positive peak preceeding the FRN seemed to show an effect 
based on the social context in Fig. 10, we examined – in an exploratory 
fashion – the peak-to-peak difference between the most positive point in 
the interval of 100 and 200 ms and the FRN. We ran the same models as 
for the FRN. None of the covariates significantly improved the model (all 
ps > .32), therefore estimates from the model without covariates are 
reported (see SM Table 11). The peak-to-peak difference was signifi-
cantly different between conditions (Individual: M = 8.43 μV, SD = 3.12 
μV; Joint: M = 9.48 μV, SD = 3.63 μV; b = 1.02, F26.50,1 = 6.33, p = .02). 
The effect of outcome was only marginal (b = − 10.80, F50.47,1 = 2.97, p 
= .09). There also was a significant interaction effect between condition 
and balloon size (b = 17.85, F29.38,1 = 4.79, p = .04), indicating that 
balloon size had different effects on the amplitude depending on the 
social context. While in the joint condition larger balloon sizes led to a 
larger peak-to-peak difference, in the individual condition larger 
balloon sizes led to a smaller peak-to-peak difference. None of the other 
effects was significant (all ps > .18). 

Fig. 6. The P1 amplitude over the electrodes Oz, O1, O2, PO7 and PO8 in the time window between 90 and 140 ms. Grand average waveforms in both conditions (A). 
Mean amplitude and standard error in both conditions (B). Scalp topographies in both conditions and the difference between them (C). 

Fig. 7. The interaction of condition and balloon size (normalized values) on the 
P1 amplitude. 
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4. Discussion 

The present study aimed at examining ERP markers of action plan-
ning and outcome monitoring when interacting with a robotic agent. We 
focused on the eRP and LRP, as ERP components related to action 
planning, known to be modulated by the social context in human-human 
interactions (Kourtis et al., 2010; Kourtis et al., 2014). Moreover, we 
focused on the visual attention-related P1 and N1, locked to outcome 
presentation. The visual attention ERPs related to the outcome would 
represent outcome processing. Finally, we also focused on the FRN, 
representing outcome monitoring. 

4.1. Action planning 

Electrophysiological results indicate that the context in which the 
task was performed affected action planning at a neural level. Our re-
sults showed that the eRP was more negative (i.e. larger amplitude) for 
actions in the joint than in the individual condition. An increase in the 
RP amplitude has been related to a more demanding action selection 
(Shibasaki & Hallett, 2006). This seems to be a plausible explanation for 
the present effect, given that in the joint condition participants could 
act, let the balloon explode, or let the robot act. In the individual con-
dition, however, there was only a binary decision between acting, or 
letting the balloon explode. Furthermore, in the individual condition 
participants had to act to prevent very negative outcomes and conse-
quently, the decision was biased toward acting. In the joint condition, in 
contrast, to avoid negative outcomes, participants could also decide to 
not act and trust the robot to act instead. Thus, the action selection in the 
joint condition was more demanding because participants represented 
not only their own actions but also those of the robot. Since there was no 
difference between conditions in the LRP, it is evident that the eRP 
difference was not related to action preparation per se. Our findings are 

consistent with this interpretation and confirm that the modulatory ef-
fect of social context on the eRP is not driven by a differential processing 
at the action preparation stage, but rather by action selection processes 
(Kourtis et al., 2014). Finally, our results extend previous evidence by 
Sebanz et al. (2006) showing that interacting with a robot seems to in-
fluence action planning in a similar manner as interacting with a human 
partner. 

4.2. Outcome monitoring 

4.2.1. P1/N1 complex 
Regarding outcome monitoring, in line with our hypotheses, we 

found an effect of social context on outcome processing at the percep-
tual/attentional level, as indicated by modulation of both visual atten-
tion ERPs, the P1 and N1. As predicted, P1 showed larger amplitudes in 
the individual than in the joint condition, suggesting that social context 
affects early perceptual processing of the outcome, with less visual 
attention resources allocated to self-generated outcome in the joint, 
compared to the individual condition. This is in line with the findings of 
Beyer et al. (2018) and Baess and Prinz (2015). Interestingly, the effect 
of social context on P1 amplitude was modulated by the expectations 
about the outcome, as indicated by the significant interaction with the 
size at which the balloon was stopped. Expected larger losses (i.e. 
smaller balloon size) were associated with a more positive P1 in the 
individual but not in the joint condition. 

Hence, it seems that the larger the expected losses, the more atten-
tional resources were allocated to the outcome, independent of the 
actual outcome value. Importantly to note, the P1 was modulated by 
expected losses and not by the actual outcome, as there was no interaction 
with the outcome values. The modulation of P1 by the expected outcome 
was true only for the individual, not for the joint condition. This might 
suggest some indication of “diffusion of responsibility” (Bandura, 1991, 

Fig. 8. The N1 amplitude over the electrodes Oz, O1, O2, PO7 and PO8 in the time window between 130 and 190 ms. Grand average waveforms in both conditions 
(A). Mean amplitude and standard error in both conditions (B). Scalp topographies in both conditions and the difference between them (C). 
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1999), meaning that in the social context condition, participants paid 
less attention to the outcome, even if they expected large losses. 

Our second variable of interest in outcome processing was the N1 
component. Results showed that N1 amplitude was larger (i.e. more 
negative) in the joint, compared to the individual condition. However, 
the N1 should be interpreted in relation to the three-way interaction of 
condition (individual vs. joint), outcome and balloon size (cf. Fig. 9) 
modulating the N1 amplitude. The left panel of Fig. 9 represents the 
individual condition, which is the baseline. The black spotted line shows 
that the N1 amplitude was modulated by the outcome, but more for 
small balloon sizes than large balloon sizes, as the effect is smaller for 
the condition represented by the solid black line (large balloon sizes). 
This suggests that in the individual condition, more attentional re-
sources were activated (more negative N1 amplitude) when the outcome 
confirmed expected large losses, as compared to when the outcome did 
not confirm the expected large losses (in this case, N1 amplitude seems 
to be suppressed, compared to other conditions). On the other hand, 
when participants did not expect large losses (large balloon sizes, solid 
black line), there was less attentional modulation of outcome process-
ing. Similarly, when participants were in the joint condition (Fig. 9, right 
panel), the outcome did not modulate the allocation of attention, and 
this was the case, independent of expectations (balloon size). Therefore, 
it seems that only the individual condition elicited enhancement of 
attention for the more negative (and expected) outcome, and suppres-
sion of attentional resources for the less negative outcome, as compared 
to expectations in the joint condition. This again speaks in favour of 
diffusion of responsibility in the joint condition, as attention is not 
modulated by outcome processing or expectations. Therefore, it seems 
that less attentional engagement toward outcome occurred in general 
for the joint condition, independent of the outcome value or expecta-
tions. In the individual condition, on the contrary, participants were 
more sensitive to the feedback they received. 

Together, the results on P1 and N1 can be interpreted as a marker of 
monitoring success. When the expected losses were small, i.e. the 
balloon was stopped close to the pin (Fig. 9 solid lines), there was no 
difference between conditions in attentional resources allocated to the 

outcome. However, for actions that stopped the balloon at an early stage 
of its inflation (Fig. 9 spotted lines), i.e. when participants expected a 
larger loss, attentional resources related to outcome processing were 
modulated by the social context (i.e. with P1 amplitude modulated by 
balloon size in the individual but not in the joint condition, Fig. 7) and 
whether the outcome confirmed the expectations or not (N1, Fig. 9). 
This pattern could be interpreted as a consequence of the diffusion of 
responsibility (Bandura, 1991, 1999), i.e. the tendency to feel less 
responsible for the consequences of our actions when in a social context. 
Negative outcomes for self-generated actions may lead to less arousal in 
the social than individual context. Thus, as a consequence participants 
may have been less attentionally engaged in the outcome of their actions 
in the social, as compared to the individual condition. 

Expecting worse outcomes (and confirmation of these expectations) 
in the individual condition probably led to more arousal and conse-
quently increased attentiveness. The fact that this effect was smaller or 
even reversed in the joint condition, might point to the fact that par-
ticipants monitor outcomes of their performance less in the joint con-
dition as less relevant. Indeed, studies concerning outcome processing 
have shown that negative outcomes are evaluated as being less negative 
in group situations than the same outcome in an individual condition 
(Beyer et al., 2017; Li et al., 2010). 

4.2.2. FRN 
The influence of social context on outcome monitoring was not re-

flected in the FRN amplitude. Such a result is not entirely in line with 
previous studies showing that in a similar risk-taking task the FRN is 
reduced in the social context compared to the individual context (Beyer 
et al., 2017; Czeszumski et al., 2019). However, the exploratory peak-to- 
peak analysis showed that this effect might be driven by context effects 
on the positive peak before the FRN. The positive peak could be repre-
senting the P200, a component that has been associated with attention 
selection and action monitoring, similar to the FRN (Potts, 2004; Potts 
et al., 2006). Future studies should examine these two components 
separately to disentangle the effects of social context on each of the 
components. 

Fig. 9. The interaction of condition, outcome (normalized values) and balloon size (normalized values) on the N1 amplitude.  
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Important for the current analyses and hypotheses, however, there 
was an interaction between outcomes and social context on the FRN 
amplitude, with smaller amplitudes for large losses in the joint condi-
tion, while in the individual condition it was smaller for smaller losses. 
Consequently, larger losses in the joint condition elicited fewer re-
sources deployed to outcome monitoring than in the individual condi-
tion. The FRN has been hypothesized to represent reinforcement 
learning, the use of the presented outcome to modulate subsequent 
behavior (San Martín, 2012). Our results suggest that in interaction with 

a robot, self-generated negative outcomes (i.e. larger loss of points) 
might be less relevant for affecting subsequent behavior compared to 
when the same negative outcome occurs in the individual situation. 
Czeszumski et al. (2019) reported a similar pattern of results for human- 
human interactions. The authors showed that the FRN component is 
sensitive not only to positive and negative outcomes but also to the 
social context in which two human agents actively interact. Our results 
extend previous findings by showing that the interaction between 
outcome valence and social situation affects FRN also when the co-agent 
is a robot. Such a result might be a proxy of a self-serving bias (Bandura, 
1999) when in interaction with the robot. Self-serving bias is the ten-
dency to attribute to external events the responsibility of negative out-
comes to maintain self-esteem (Bandura, 1999). When in social 
interactions, self-serving bias occurs when people believe they are 
interacting with an intentional agent (Beyer et al., 2017; Beyer et al., 
2018; Ciardo, Beyer, De Tommaso, & Wykowska, 2020). In our study, 
although we did not manipulate beliefs about how the robot was 
controlled, it could be that participants attributed a certain level of 
intentional agency to it (see Marchesi et al., 2019). Thus the self-serving 
bias would be a consequence of mentalizing processes. However, a 
self-serving bias also occurs when the locus of the attribution is just the 
context itself (e.g., Kestemont et al., 2015), thus it is possible that 
framing the task as social was enough to induce the bias. Future studies 
should systematically address this issue examining the relationship be-
tween intentionality attribution toward robots and the occurrence of the 
self-serving bias. 

In summary, our results from ERPs of outcome monitoring suggest 
that both outcome processing and monitoring were influenced by the 
robot presence. However, results also indicated a complex interplay 
between expectations and outcome valence on the modulatory effect 
elicited by the social presence of the robot. 

Fig. 10. The FRN amplitude over the electrodes Cz, C1, C2, FCz, FC1, FC2, Fz, F1 and F2 in the time window between 200 and 300 ms. Grand average waveforms in 
both conditions (A). Mean amplitude and standard error in both conditions (B). Scalp topographies in both conditions and the difference between them (C). 

Fig. 11. The interaction effect of condition and outcome (normalized values) 
on the FRN amplitude. 
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4.3. Considerations for studying human-robot interaction 

In the present study, many of the electrophysiological models were 
improved by accounting for individual differences in the attitude par-
ticipants had toward robots, as most of the questionnaires explained a 
substantial amount of variance, although not indicating in which di-
rection. It could be that the effect exerted by the social presence of 
Cozmo at the neural level varies as a function of individual attitude 
toward robots, with higher scores on the FSQ questionnaire (indicating 
more negative attitudes) being associated with lower differences be-
tween the individual and the social context (see Hinz et al. (2019) for 
preliminary behavioral results in this direction). A critical aspect when 
interacting with an artificial agent is the attribution of intentionality to 
the robot. Intentionality is a concept that is critical for the attribution of 
responsibility (Frith, 2014) and that is not always naturally attributed to 
robots (Perez-Osorio & Wykowska, 2019). Previous studies that inves-
tigated the link between joint action and intentionality attribution to 
robots showed that action planning processes were affected by the social 
presence of a robotic co-agent only when participants believed that the 
robot was controlled by a human (Stenzel et al., 2012). It should be 
noted that in the present study we used a non-anthropomorphic robot 
(for a possible relationship between anthropomorphism and intention-
ality attribution see Epley et al., 2007), and we did not manipulate be-
liefs regarding how the robot was controlled. Thus, any form of 
intentionality attributed to Cozmo emerged from a spontaneous attitude 
of the participants. However, we did not measure intentionality attri-
bution directly, thus we cannot draw any conclusions about how 
intentionality attribution may have affected action planning and 
outcome monitoring in interaction with the robot. Future studies should 
systematically investigate if the social presence of the robot differently 
affects joint action as a function of several factors, such as attribution of 
mental states (Marchesi et al., 2019), the tendency toward anthropo-
morphism (Waytz et al., 2010) or toward adopting the intentional stance 
toward robots (Bossi et al., 2020), and skepticism toward artificial in-
telligence (Syrdal et al., 2009). This appears crucial concerning the re-
sults of outcome monitoring. Indeed, overall our results suggest that 
when interacting with a robot, both outcome processing, and monitoring 
are affected by the presence of the robot. 

This is an important phenomenon in the context of future scenarios 
where robots will be present in our daily life. Indeed, the social presence 
of the robot may influence the ability to process our action outcome. 
Therefore, robots should be designed taking into account that their so-
cial presence may affect humans’ decision-making, action planning at 
different stages, as well as learning from past action outcomes. 
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